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SYNOPSIS 


The electrical discharge in the electrochemical, system 
has been proved to be a powerful means for machining materials in 
the field of the nonconvent i ona 1 machining techniques. Both, 
electrically conducting and nonconducting materials can be 
machined by such electrical discharge. The phenomenon of this 
type of discharge is known as electrochemical discharge (ECD). 
The technique of machining electrically nonconducting materials 
with the help of ECD is termed as electrochemical discharge 
machining (ECDM). Though the mechanism of the material removal in 
ECDM has been identified to some extent, the mechanism of ECD is 
still not well understood.. Perhaps due to this reason no 
theoretical model either for the ECD phenomenon or for ECDM has 
been developed. 

The objectives of the present work include (i) the 
identification of the mechanism of electrochemical discharge, 
(ii> the development of a simplified, idealistic theoretical model 
of electrochemical discharge capable of predicting the minimum 
required voltage and the corresponding current to initiate the 
discharge and <iii> the development of a simplified quantitative 
model of material removal in ECDM. The material removal rate 
<MRR) in ECDM is character i st i ca 1 1 y 1 ow . Therefore, investigation 
into the possibility of enhancing the MRR in ECDM is also included 
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in the objectives of the present work. 

A series of investigating experiments were conducted to 
gather adequate information on the characteristics of the 
processes of ECO and ECDM. Based on these information and on the 
observations made by the previous researchers the theoratical 
models were developed. The processes of ECD and' ECDM being quite 
complex, some idealizing assumptions were necessary to reduce the 
problem to a tractable one. 

The model of ECD is based on the switching phenomenon. 
The switching action between the tool electrode and the 
electrolyte takes place due to the blanketing of the tool 
electrode by a layer of gas. Both the water vapour generated due 
to the interface heating and the hydrogen gas from the 
electrochemical reactions participate in blanketing the electrode 
surface . 

In the model of ECDM, the thermal effect of the 
discharge on the workpiece material is considered as the only 
factor for the material removal. The inductance is added as an 
extra circuit parameter. The MRR increases significantly, when 
the total circuit inductance is increased. The applied voltage 
was found to be the most important parameter governing the MRR. 

Verification of the models were done by comparing the 
results obtained from the verifying experiments with those 
predicted by the models. The results obtained by the previous 
researchers were also used for the verification of the ECDM model . 
Only cathode tools were employed to eliminate tool dissolution 



and the consequent change in tool size. Though smooth D.C. supply 
was used for the verification of ECD model, experiments to verify 
the ECDM model were conducted with lOOHz full wave rectified D.C. 
This was done to eleminate the unwanted effect of capacitive 
discharge from the filter capacitors. The voltage-current 
characteristics for the smooth and the rectified D.C. were studied 
and it was found that the critical voltages and the cor respond i ng 
currents are nearly equal. Both the characteristics are also 
similar upto the point of discharge onset. But, the characteristics 
differ at the discharging condition. In this region the current 
values differ in magn i tude . However , th i s difference can be 
considered as constant. Therefore, it is expected that the material 
removal rates should differ only by a constant for smooth and 
rectified D.C. supply . Different sizes of solid cylindrical 
steel tool, ranging from 0.08 cm to 0.195 cm in diameter, and the 
aqueous electrolytes of NaOH , KOH , NaCl and KCl were used to 
conduct the ECD experiments. Only glass workpiece was used for 
the experiments on ECDM as the time constraint made the use of 
other nonconducting materials beyond the scope of the present 
work . 

Comparing the natures of the characteristics obtained 
experimentally with those predicted theoretically by the model it 
may be logical to conclude that the suggested mechanisms represent 
the actual process with a reasonable degree of reliability. The 
theoretically predicted values match quite well with the 


experimental results. 
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The thesis has been arranged in the following way. An 
overview of the nonconvent i ona 1 machining techniques is given in 
the beginning of Chapter 1. This chapter also presents the basic 
information about the ECO phenomenon and ECDM, including a survey 
of the past research in the area. Chapter 2 contains the 
experimental investigations of the ECD phenomenon and ECDM, The 
general characteristics of ECD and ECDM obtained from the 
experiments are presented in this chapter. In Chapter ? the 
idealistic model of the ECD is developed and verified. The model 
of ECDM is developed and verified in Chapter 4. A technique to 
increase the process capability of ECDM is also discussed in this 
chapter. Chapter 5 contains the discussion on the results and the 
scope for the future work. The thesis ends with the concluding 
remarks in Chapter 6. 
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CHAPTER 1 


INTRODUCTION 

1.1 Electrically Assisted Nonconvent ional Machining 

More and more challenging problems are being faced by 
the scientists and technologists in the field of manufacturing 
with the advancement of technology. A number of factors 
necessiated the development of nonconvent i onal or nontradi t i onal 
machining processes. The primary ones are (i> new materials with 
low mach i nab i i i ty , (ii) dimensional and geometerical accuracy 
requirement not achievable by conventional processes and (iii) a 
desirable production rate and economy in difficult situations. The 
development of such nonconvent i onal machining techniques started 
in the early 19?0s and gained momentum after the second world war. 
A major challenging problem during this period was the machining 
of high strength and temperature resistant (HSTR) alloys. Since 
1950 the developments in the field of electronics and 
semiconductor technology has also provided adequate motivation for 
the development of special manufacturing techniques. However, the 
ultimate boost to the research and developmental activities in the 
field of nonconvent i ona 1 manufacturing processes was given by the 
beginning of the space age. 

The nonconventional machining processes vary quite 
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widely in their basic features, mechanics of the process and the 
type of energy used. A group of such unconventional machining 
techniques are dependent on electrical energy. Though the 
mechanics of material removal in these processes are different, 
they can be grouped under a common heading 'electrically assisted 
nonconvent i onal machining processes. The more common processes 
belonging to this group are (i) electrochemical machining (ECM> , 
(ii> electric discharge machining <EDM) , (iii) electron beam 
machining (EBM) and <iv> plasma arc machining <PAM) . From the 
point of view of material removal characteristics, the achievable 
accuracy and shape capabilities, the first two, i.e., ECM and EDM 
have the maximum potential. Unfortunately, these processes have a 
major limitation in the fact that only electrically conducting 
work materials can be machined. To overcome this a hybrid process 
has been conceived in the early ’ 70s in which the phenomenon of 
electrochemical discharge <ECD) is employed for the removal of 
material. Use of electrochemical discharge while machining 
electrically conducting work material has also been attempted 
leading to a number of interesting results. This hybrid process 
for electrically conducting material is now termed as 
"electrochemical arc machining <ECAM)" and that for electrically 
nonconducting material as "electrochemical discharge machining 
(ECDM)" . 

Use of electric power for controlled removal of metal 
dates back to 1935, when Jacqet noticed the usefulness 'of 



electrolysis phenomenon to produce polished surface and 
subsequently W. Gusself of USSR in 1955 and Burgess of USA in 
1941 developed the process to the present day ECM. 

The credit of inventing the technique of EDM, should go 
to the English scientist Pristley and Lazarenko and Lazarenko of 
USSR. Though Pristley detected the erosive nature of electric 
spark, Lazarenko and Lazarenko established it as a machining 
process in 1945. The R-C relaxation circuit developed by them for 
this purpose was in use for several years. 

ECAM and ECDM has a very recent origin in which the ECD 
phenomenon in used. In 1968, attempts had been made to use this 
phenomenon for drilling nonconducting materials. In early stages 
of development both the processes were termed as ECDM. It was 
treated as a combination of ECM and EDM as it had some common 
characteristics of both the ECM and EDM. However, the basic 
feature of these is the ECD phenomenon. Later, ECAM was termed 
for machining conducting materials and ECDM for non conducting 
materials. 

1.1*1 Electrochemical discharge CECD> phenomenon 

A general electrochemical cell consists of two electrode 
dipped in an electrolyte (Fig.l.l). Application of external 
potential between the electrodes causes an electric current 
through the cell resulting in electrochemical reactions, such as 
anodic dissolusion, cathodic deposition. electrolysis of the 



D.C. Power supply 



Fig. 1-1 Electrochemical cell 
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electrolyte etc., depending on the electrode-electrolyte 
combination. If a suitable electrolyte is choosen and the 
electrodes are of grossly different sizes, then, beyond a certain 
value of the applied potential, electric sparks appear at the 
bottom edge of the SHtra^ller electrode and the cell current drops. 
This phenomenon is known as electrochemical discharge (ECD> 
phenomenon. The mechanism of ECD, by and large, is not clear, 
though the observations of this process have established the fact 
that the discharge takes place due to bubble generation because of 
electrochemical reaction and thermal processes. 

1.1.2 Electrochemical arc machining CECAK) and electrochemical 

discharge machining CECDM>. 

It will be convenient to understand the process of ECAM 

and ECDM using a comparative illustration of ECM, EDM, ECAM and 

ECDM. The typical ranges of the tool size and the work tool gap 

for these processes are presented in Fig. 1.2. Figure 1.5 

illustrates the voltage and current density ranges that are used 

in various electrolyte systems of machining. Usual voltage ranges 

of ECM is 8 to 20 volts and that for ECAM is 20 to 40 volts. Very 

high current density is attained by ECAM process upto a value of 
2 

800 A/cm and high MRR is obtained, five times compared to ECM and 
about forty times compared to EDM. The voltage for ECDM is in the 
range of 30 to 80 volts depending upon the type of workpiece. 


tool size, electrolyte etc. 





Fig. 1. 


Tool size c 
tricaliy as 





Voltage (volts ) 


Fig. 1*3 Voltage and current-density ranges 

of the machining systems using elec- 
trolyte solutions 
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The mechanism of material removal in ECM, EDM and ECAM 
have been investigated thoroughly and understood reasonably well. 
In ECM electrochemical anodic dissolution causes material removal 
and in EDM melting, vaporisation and mechanical shock are 
responsible for material removal producing a crater. In ECAM both 
the mechanisms described above are active s imu 1 tanebus 1 y . 
However, in ECAM it is the arc instead of the sparks which produce 
the thermal effects. 

A major difference between ECAM and ECDM is that, in 
ECAM discharge takes place between the electrodes, but in ECDM it 
IS between one electrode and the e 1 ect ro 1 y t e . To bring the work 
surface nearest to the sparking zone in ECDM no gap between the 
tool electrode and the work is allowed. 

1 . 1 « 3 Other uses of ECD phenomenon 

Apart from machining some other uses of ECD phenomenon 
have been developed by Allesu Cl]. Etching on glass slides has 
been done by him by using a special type of pen (Fig. 1.4). The 
sharp point or the scribling point is one electrode and the other 
one IS the larger rounded lead. A layer of NaOH solution is used 
to complete the electrical circuit between these electrodes. From 
the application point of view this method seems to be quite 
convenient. Making thermocouple beads is a very cumbersome 
process using the flame melting method. Allesu Cl] developed a 
unique and simple process where 2Z0V domestic A.C. service line is 
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used directly to make thermocouple beads (Fig. 1.5). The twisted 
junction of the wires are dipped 1mm - 2mm in the electrolyte bath 
and the supply is switched on. Intense discharge melts the wires 
and forms the bead and circuit is automatically opened due to loss 
of contact between the wires and the electrolyte after the bead is 
formed. The conductivity of this junction was found to be 
identical with that made by flame method. Judging from the points 
of view of hazards and time required this method is quite superior 
to the conventional flame method. 

1.2 Survey of Previous Work 

Though a good amount of work has been done in the field 
of ECAM, very limited literature is available in the field of 
ECDM. This may be due to the less relgitive importance of ECDM, 
which failed to generate enough interest among the researchers. 
The phenomenon of small electric discharges at the anode tip was 
first reported by Taylor C2] during electrolysis of molten NaCl at 
high current density and he termed it as 'Anode Effect*. Later. 
Kellog C33 showed that similar phenomenon can occur at the cathode 
and in aqueous electrolyte also. Electrical discharge between 
tool and workpiece was also observed during the attempts of 
enhancing the MRR in ECM by application of higher potential and 
considered as a detrimental factor as it causes damage to tool and 
workpiece. Utilising the ECD phenomenon Kurafuji and Suda [43 
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Fig. 1.5 Schematics of micro-welding set-up [ I 
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drilled holes upto a depth of 0.51 mm in a glass workpiece in 15%' 
(wt/wt> NaOH electrolyte with a cell voltage of 54 volts. Cook 
et.al [53 conducted experiments with ECD for machining glass and 
other electrically nonconducting materials and identified the 
applied voltage, tool polarity, electrolyte temperature and 
concentration as input parameters, for determining MRR . The 
corresponding characteristics are given in F i gs . 1 . 6 - 1.8. The 
limited depth characteristic found by them is reproduced in 
Fig. 1.9. They suggested that the possible mechanism of material 
removal in ECDMcould be due to the thermomechanical. chemical, 
field effect or due to some other unknown effects. Umesh Kumar 
[63 carried out experiments with glass and other electrically 
nonconducting materials using ECD phenomenon. Cook et.al. did the 
experiments mainly with positive tools but Umesh Kumar had 
concentrated on negative tool. The results obtained by Umesh 
Kumar are given in Fig. 1.10 - 1.15. He noticed that the discharge 
vanishes with flowing electrolyte. The mechanism of material 
removal suggested by him were theromechan i cal and electrochemical 
action. 

Tsuchiya et.al. [73 used wire electrochemical discharge 
for machining of glass and ceramics. The cutting technique of 
wire-EDM combined with the mechanism of ECDM, had been the basis 
of machining. They used 25Hz rectangular pulse with 80% duty 
factor. Electrolyte of NaOH and KOH, glass specimen of 1.2 mm 
thick as workpiece, wire-diameter of 0.2 mm as electrode with 
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• NaOH 35 7. ,Tool {+ ve) 
o NaOH 357. .Tool (- ve) 
o NaOH 35 7. .60 Hz ac 
A KOH 15 7. .Tool {- ve ) 

A NaCl 20 7. .Tool {+ve ) 
o NaN 03 30 7. .Tool { + ve) 
Tool dia. : l-6mm 
Test duration : 1 min 






Removal rate (mg /sec) 



Fig. 1-7 Effect of the electrolyte temperature on 
removal rate (work material : glass ) [5] 


NaOH concentration (kg/ ltr.H20 ) 


Fig. 1-8 Effect of the electrolyte concentration [5] 
on removal rate (work material : glass) 
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Machining time (min) 

Fig. 1-9 Limited machining depth characteristics 
(work material : glass ) [5 ] 




Fig. 1-10 Effect of the machining voltage on material 
removal rate [6] (work material : glass ) 
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Fig. 1-11 Effect of the temperature of electrolyte on 
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speed of 60 cm/min was used by them in the experiment. 

Recently, Allesu Cl] conducted extensive experiments of 
ECD phenomenon and ECDM. Glass wafer of 0.2 mm thickness was cut 
along the length using a razor blade. The suggested mechanism of 
material removal depends on thermal heating, cavitation and 
electrochemical action. A lot of useful observations, such as the 
limited depth characteristic, shifting of discharge zone with 
indentation of tool in work piece and limiting value of applied 
potential to prevent tool melting, was noticed by him. 

Allesu explained the reason for limiting depth 
characteristic as a result of the loss of potential between the 
tool electrode and bulk electrolyte with the tool indentation in 
the workpiece. This is caused by the accumulation of gas bubbles 
at the, point of indentation. He made a configuration such that 
this type of bubble accumulation did not occur, and he showed that 
in that configuration the machining rate remains constant 
(Fig. 1.14). Also the discharge zone shifts with the indentation 
of tool (Fig. 1.15) ceasing the machining process. Allesu also 
examined the effect of the electrolyte flow on the discharge 
voltage and found that the discharge voltage increases with the 
electrolyte flow velocity (Fig. 1.16). Perhaps, the most useful 
observation made by him is the distribution of voltage drop in an 
ECDM both (Fig. 1.17) and the sources of the resistances 
(Fig. 1.18). The present author examined the voltage drop 
characteristics and found only a small variation from the results 
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Re = Electrolyte path resistance 

= Tool - Electrolyte interface resistance 

R2 = Non-machining electrode - electrolyte 
interface resistance 

R^ Fluctuates depending on voltage 

Fig.M8 Resistance in ECD (non-conductor 
nnachining ) configuration [1] 
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obtained by Allesu. 

In the field of ECAM, which was also labelled as ECDM in 
the early stages, fairly large amount of work has been done and 
the process is more or less established. Kubota and Tamura [8] 
reported drilling of steel plates by using ECD in the 1975. In a 
subsequent report by Kubota C9,10], the process was explained as 
the combination of ECM -and EDM. McGeough and his research team 
conducted many experiments in the field of ECAM [11-181 and 
reported very high material removal rate, five times that of ECM 
and about forty times that of EDM. They examined the process by 
using single discharge technique and also by high speed 
photography. The process was analysed both statistically and 
experimentally and surface finish characteristics were studied. 
They tried to improve the efficiency of the process by imparting 
vibration to the tool. A more developed process, wire-ECAM was 
developed by them. 

A few primary work on the machining of composites by ECD 
have been conducted at IIT Kanpur and reported [19,20]. 

1.3 Objective and Scope of the Present Work 

The literature survey indicates that though the 
mechanism of material removal in ECDM is identified to some 
extent, the mechanism of spark initiation at the electrode, i.e., 
the ECD phenomenon, remains unknown. Furthermore, no attempt has 
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been made to develop a quantitative model of material removal 

during ECDM. The mam objectives of the present work are as 

mentioned below: 

. To identify the mechanism of the electrochemical 

discharge phenomenon. 

♦ To develop a simple, realistic and quantitative model 

capable of predicting the minimum required voltage and 
corresponding current to initiate sparking for any given 
cond i 1 1 on . 

. To develop a simple and idealised quantitative model 

capable of predicting the MRR in ECDM for any given 
cond i t i on . 

. To explore the possibility of enhancing the MRR 

characteristics of ECDM as it is characteristically a 
low MRR process. The effect of some extra parameters, 
associated with the modification of the basic electrical 
circuit, to enhance MRR will be also investigated. 

The secondary objective is to design and develop an 
appropriate experimental setup to conduct all the investigating as 
well as final verifying experiments. 

The processes of ECD and ECDM are extremely complex 
involving many interdependent phenomena. Their ranges are widely 
varied from the field of electrochemistry to the field of boiling 
phenomenon. It is impossible within the scope of the present work 
to conduct all the experiments for the required observations. To 
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make the problem tractable dependency on the observations by the 
previous researchers of the revelent fields become inevitable. 
The verifying experiments were conducted with glass workpiece 
only. The time constraint had made the investigations with other 
nonconducting materials beyond the scope of the present work. 



CHAPTER 2 


EXPERIMENTAL INVESTIGATION OF ELECTROCHEMICAL DISCHARGE 
PHENOMENON AND ELECTROCHEMICAL DISCHARGE MACHINING 


2# 1 Introduction 

To understand the mechanism of the process of 
electrochemical discharge machining (ECDM) . it is essential to 
have a complete information about the basic features and the 
general characteristics of the process. Certain amount of 
information in this direction is available from the published 
works of the previous researchers in the relevant field. However, 
to have a comprehensive set of observations resulting from a set 
of consistent parametric study of the process, it was decided to 
conduct fresh sets of experiments. These experiments can be 
divided into two groups. One group of experiments were aimed at 
i nves 1 1 gat i ng the phenomenon of electrochemical discharge (ECO), 
whereas the other sets of experiments were designed to reveal the 
basic features of ECDM. For this purpose it was necessary to 
design a few experimental setups. These setups were also utilised 
to conduct experiments for verifying the predictions of the 
theoretical models developed in the subsequent chapters. 
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2.2 Experimental Setups and Associated Instrumentation 

2. 2. 1 Experimental setup to study ECD phenomenon 

To investigate the general characteristics of the ECD 
phenomenon it was required to design and develop a setup in which 
the applied voltage, the tool diameter and the tool depth in the 
electrolyte could be controlled precisely. It was also necessary 
to read the input voltage, the corresponding current alongwith 
their wave shapes. The setup is schematically shown in Fig. 2. la. 
It consisted of a controlled power supply, an electrochemical bath 
with electrodes, a tool feed mechanism and the required measuring 
facilities. The whole system was isolated from the A.C. mains by 
an isolation transformer. The input voltage was controlled by the 
variac which was subsequently rectified by a bridge rectifier to 
lOOHz fullwave rectified D.C. There was option to use filter 
capacitors across the rectifier output terminal to filter the 
rectified D.C. A capacitor bank of ZOOOfjF was used as the filter. 
Standard voltmeter and ammeter were employed to read the RMS 
values of the applied voltage and the corresponding current, 
respectively. A resistance of 0.10 was connected to the circuit 
and the vo 1 tage ^across the resistor was monitored by one of the 
channels of a dual channel digital storage oscilloscope [DSS 2011, 
KIKUSUI , JAPAN] . The voltage waveshape across the resistor 
represents the current waveshape of the electrochemical circuit. 
The shape of the supply voltage was monitored by the other channel 
of the oscilloscope as shown in the figure. This facilitated 
simultaneous monitoring of the applied voltage and the 
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2. D.C. output with isolation transformer 
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11 Dial gauge 

12 Screw feed mechanism 


Fig. 2.1a Experimental set-up for E.C.D 
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corresponding current waveshapes. The tool holder was attached to 
a properly insulated screw-nut feed mechanism and connected to the 
negative terminal of the power supply unit. Using a dial gauge 
with this mechanism it was possible to set the depth of the tool 
electrode in the electrolyte at any predetermined value. A glass 
beaker of 500mi capacity was used as the electrolyte bath. An 
electrical heater with on-off control (not shown in the figure) 
was used to raise the temperature of the electrolyte, whenever 
required. A mercury bulb thermometer was used to read the 
electrolyte temperature. 400 mi of electrolyte was used in each 
experiment. The larger electrode (nonmachining electrode) was 
made of circular stainless steel bar of 1 cm diameter and was 
dipped to a fixed depth of 2 cm in the electrolyte. This was 
connected to the positive terminal of the power supply. In this 
^etup no work piece was used. 

2* 22 Expert mantal setup for ECDM 

In electrochemical discharge machining (ECDM) 
experiments, it was required to maintain a constant contact 
between the tool and the workpiece. The beaker which was used as 
the electrolyte bath in the previous setup was proved to be 
inconvenient to accommodate the workpiece. Later, in the 
experiments to verify the proposed ECDM model it was observed that 
the filter capacitor was causing the unwanted effect of capacitive 
discharge. So, it was decided to eliminate the filter capacitors 
and the experiments concerning ECDM conducted only with lOOHz full 
wave rectified D.C. As it was understood that the discharge was 
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due to switching phenomenon (discussed later), the author felt 
that the inductance might be an important parameter in the ECDM 
performance. This necessiated the addition of an inductance coil. 
All these modifications required a different setup for the ECDM 
experiments. The setup for the ECDM experiments is shown in 
Fig. 2. lb. The measuring and monitoring instruments were similar 
to those of the previous setup. With filter capacitors removed, a 
variable inductance of range 0-800mH was added to the circuit, to 
increase the total circuit inductance. A flat glass bath of 1000 
ml capacity was used as the electrolyte bath to accommodate the 
workpiece with the workpiece holder, which was made of perspex. 
The gravity feed mechanism was employed to maintain the constant 
contact between the tool and the workpiece. The feed force was 
adjusted to 50 gm using the counterweights. The penetration of 
the tool in the workpiece was read with the help of the dial 
indicator. A constant level of the electrolyte in the bath, was 
maintained so that at any instant of machining the tool depth in 
electrolyte remains within 0.2 cm. No heating arrangement of 
electrolyte was made, as all the experiments of ECDM were 
conducted in room temperature. 

2*2*3 Tool material 

Preliminary experiments were conducted with different 
tool materials such as copper. aluminium, platinum and steel. 
Aluminium tool reacted chemically and dissolved in the alkaline 
solutions. No other effect of the tool material on the ECD and 
ECDM characteristics was observed. Therefore, it was decided to 
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use steel tool only. The study of the effect of tool geometry was 
not included in the objectives of the present work and only solid 
cylindrical tools were used. Tools of diameters 0.08 cm, 0.11 cm, 
0.15 cm, 0.16 cm, and 0.195 cm were made from steel wires. The 
wires were cut to proper sizes and the ends were made orthogonal 
to the side surfaces. The wires were reduced to the proper 
diameter with 1/0 emery paper and then polished with 4/0 emery 
paper for final finish. To eliminate the chance of different 
bubble nucleation site density for different tools, all the tools 
were finished to identical surface quality. The tools were used 
as cathode only to avoid anodic dissolution and the consequent 
loss of the surface area. 

2* 4 Electrolytes 

It was revealed from the literature survey that most of 
the work has been done with alkaline electrolytes such as NaOH and 
KOH and neutral electrolyte such as NaCl. To maintain the 
consistency of the results with those obtained by the previous 
researchers, the author decided to conduct the experiments with 
NaOH, KOH and NaCl. However, in the course of experiments, the 
author felt that the KCi electrolyte could also be tried as well, 
as it was neutral in nature like NaCl. Aqueous electrolytes of 
different concentration were prepared by dissolving the 
appropriate amounts of the respective reagents in water. Due to 
the electrochemical reactions during experiments the composition 
of the electrolytes changed. To maintain the quality. the 
solution was changed after being used for a maximum period of 10 
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minutes in all the experiments. The concentration was expressed 
in % wt , which indicates the weight of the reagent dissolved per 
100 ml of water to prepare the aqueous electrolyte. The following 
table shows the numbers of moles of the electrolyte per 100 ml of 
water, corresponding to the concentration in % wt . 


Electrolyte 

,5% 

i 

10% 


20% 

B 

j ,t> u% 

1 

40% 

NaOH 

0.125 

0 . 250 

0.575 

0.500 

0 . 675 

0.750 

1.000 

KOH 1 

0 .089 

0.178 

0 . 268 

0.557^ 

0 . 446 

0.556 

0.714 

NaCl 

0.086 

0.171 

0.257 

0 . 545 

0.429 

! 


KCl 

i 

0 . 067 

0.154 

. 

0.201 

0.268 

““ 

- 



2*2*5 Workpiece material 

Commercial sodalime glass available in the local market 
was used as workpiece material. The approximate composition of 
the sodalime glass is, SiO^ “ 72%, CaO - 10%, "* 1^^. MgO 

5.2% and Ai^O^ ~ 0.8%. The glass pieces were available in the 
form of slides of size 6 cm. long, 2 cm wide and 0.18 cm thick. 
In some experiments the glass wafer with the same composition were 
used which were 1.8 cm square with a thickness of 0,05. cm. Only 
glass specimen was used as the workpiece material as the time 
constraint made the experiments with other materials beyond the 
scope of the present work. 
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3. 3. 6 Del er mi mat, ion of malerial removal 

The amount of the material removed was determined by the 
weight difference method. A mechanical microbalance CMLW, VEB 
Analytic, Germany] of range 0-100 gm and with an accuracy of 0.01 
mg was used for this purpose. The glass specimen was rinsed with 
tap water thoroughly to remove the layer of the electrolyte. Then 
it was dried by mild heating to expel any water particle which 
might be present, particularly at the machined blind holes. These 
procedure were repeated before taking each weight reading. The 
difference between the readings taken before and after machining 
was the amount of the material removed. The average of a 
sufficient number of such readings were taken to obtain a reliable 
result. The average material removal rate was obtained by dividing 
the amount of material removed by the time of machining. 

3.3 General Characteristics of Electrochemical Discharge 
Phenomenon 


3.3.1 Voltage - current CV-ID characteristics 

The effects of different input parameters on the V-I 
characteristics of an electrochemical discharge cell are as 
foil ows : 

CiJ> Effect of the natwre of the power supply; Figure 2.2 
shows the V-I characteristics for the smooth and the lOOHz full 
wave rect i f i ed D. C . power supply. There are four distinct regions 
in the characteristics. In region 1 current increases linearly 
with the applied voltage. Beyond this region the rate of rise of 
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Fig. 2-2 V-l Characteristic for different type of 
power supply 
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the current with the applied voltage falls and finally levels off 
(region 2). At the end of region 2, small sparks appear at the 
tool electrode edge (point C), followed by a transition region 
(region 5), where no particular relationship between the voltage 
and the current exists. The transition zone ends with a small 
increment of the applied voltage and marked, by a stable discharge 
at the electrode edge. The current restabilizes at this point, 
though the magnitude of this current is much smaller than that at 
the point of initiation of discharge (point C> . With further 
increase of the applied voltage, the rate of change of the current 
is much slower (region 4> compared to the rate at the predischarge 
stage. However, the intensity of the discharge increases with the 
applied voltage. The characteristics for the smooth and rectified 
D.C. are similar upto the beginning of the region 4. In region 4, 
for smooth D.C. supply, the current increases slowly, whereas it 
drops for the rectified D.C. supply. Point C, the corresponding 
voltage and current are termed as the critical point, critical 
voltage and critical current (I^), respectively. The nature 
of the characteristics upto the critical point can be explained in 
terms of a simple resistive circuit. Beyond this point it is the 
switching phenomenon which influences the characteristic. In 
region 1, only the constant path resistance being active, the 
current is proportional to the applied voltage. The bubble 
density on the electrode surface increases with the applied 
voltage and results in increased interface resistance. Due to 
this the rate of rise of the current in region 2 drops. The 
discharge at the electrode edge at point C is the outcome of the 
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switching action between the electrode and the electrolyte. An 
intermittent and irregular switching action causes the transition 
at region 5. Regular switching chops off the current at small 
intervals and as a result the RMS value of the current at the end 
of the region 3 is considerably low. 

Cii^ Effect of the electrolyte: The V-I characteristic for 
different electrolytes is shown in Fig. 2. 3. It can be noticed 
that though the pattern of the characteristics is more or less 
similar the magnitudes of and are different for different 
electrolytes. This indicates that the electrolyte properties 
influence the V-I characteristics. 

Ciii^ Effect of tool diameter: The V-I characteristic for 
different tool diameter is shown in Fig. 2. 4. The critical current 
increases proportionally with the tool diameter, without any 
significant change in the critical voltage. This increase in 
current is due to the increased surface area of contact between 
the tool and the electrolyte. The current at the discharging zone 
(zone 4) is, however, not proportional to the tool diameter. This 
is the result of the complex switching phenomenon, which is not a 
simple function of the area of contact between the tool and the 
electrolyte . 

Civ^ Effect of the tool depth: Figure 2.5 shows the V-I 
characteristic for different tool depths. This characteristic is 
similar to the previous one, as in both the situations the area of 
contact between the tool and the electrolyte is the guiding 
feature. However, the critical current is not proportional to the 


tool depth. 
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Tool dia : 0-11 cm Tool depth :=0-2 cm 
Power supply : Smooth D.C. 


Fig. 2-3 V-l Characteristics for different electrolyte 
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Electrolyte : 40 Vo KOH } Power supply : Smooth D.C. ? 
Depth in electrolyte: 0-2 cm 

Fig. 2 4 V-1 Characteristic for different tool diameter 
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Fig. 2-5 V-l Characteristic for different tool depth 
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CvJ> Eff&ct of tho electrolyte concentration; The V- 1 
characteristic for different concentration of an electrolyte is 
shown in Fig. 2. 6. The critical current increases with the 
electrolyte concentration, but the critical voltage decreases. 
This is primarily due to the increase of the electrolyte 
conductivity with the concentrat ion , though there may be some 
secondary effect of the concentration on the system. The 
variation of the critical voltage and the critical current with 
the concentration is shown in Fig. 2. 7a and 2.7b. It is 
interesting to note that the power consumption at the critical 
condition <= x I^> remains constant and independent of the 
concentration. This indicates that the thermal heating is a 
factor to initiate the spark (discharge). 

CviJ> Effect of the electrolyte temperatxxre: The variation of 
the critical voltage and the critical current with the electrolyte 
temperature is shown in Fig. 2. 8. The critical current drops with 
the rise of the electrolyte temperature without any change in the 
critical voltage. Early bubble generation at the electrode 
surface results in significant interface resistance even with a 
lower applied voltage. Therefore the rate of rise of current is 
low. The power consumption at the critical stage decreases with 
increased electrolyte temperature, as both the heat loss to the 
electrolyte from the interface and the heat required to raise the 
electrolyte temperature to the boiling point (at the interface) 
decrease. 

CviiJ> Effect of the electrode temperatwre: The dischaurge 
takes place due to the vapour blanketing of the electrode. 


The 
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Tool dia = 0*11 cm ; Tool depth = 0- 2 cm 
Smooth D.C. 

Fig. 2-6 V-l Characteristic for different concentration 
of electrolyte 
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electrochemical reaction and the interface heating of the 
electrolyte are the reasons for the blanket formation. An 
arrangement was made to heat the electrode by electric heater 
externally maintaining the required depth of the electrode in the 
electrolyte. This resulted in nucleation of vapour bubbles on the 
electrode surface, though in much lesser number than that required 
for blanketing. It was expected that this effect might reduce the 
power requirement at the critical condition, which was found to be 
true. The schematic setup as well as the result obtained by this 
experiment are shown in Fig. 2. 9. The last two observations 
indicate the role of vapour generation at the interface for the 
initiation of the discharge. 

Eff&ct af th& int&r&l&c trod& gap and. of th& 
nonmachining Clarg&rJ> &l&ctrod&: The interelectrode distance was 
varied, keeping the applied voltage and the depth of the tool 
electrode in the electrolyte constant. There was no significant 
change in the current magnitude when the interelectrode distance 
is reduced from 5 cm. to 0.8 cm., indicating insignificant effect 
of the interelectrode distance. In the next step. the depth of 
the larger electrode in the electrolyte was increased from zero 
to 2 cm, at a distance of 5 cm. from the tool, again keeping the 
applied voltage constant. It was noticed that initially the 
current increased with the depth. But after reaching a depth of 
0.0? cm the current did not increase any further. From the 
diameters of the electrodes used, it was found that when the area 
of contact between the larger electrode and electrolyte is more 
than four times of that between the tool and electrolyte, the size 
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of the larger electrode does not effect the V-I charact er i s t i cs . 
Figures Z.lOa and 2.10b illustrate of these experiments. 

2# 3. 3 The waveshapes of the applied voltage and the corresponding 
current 

An oscilloscope was used to investigate the nature of 
the waveshapes of the current for the applied voltage with 
different characteristics, both just before and during discharge. 
Figure 2.11a shows these waveshapes for lOOHz full wave rectified 
D.C. It may be noticed that the current trace deviates from the 
sinewave form when the applied voltage approaches the critical 
value. The bubble density increases with applied voltage and 
increases the interface resistance. Therefore the current does 
not remain proportional to the voltage. The sharp drops in the 
current trace at the discharging condition are the result of 
switching. The use of a capacitor across the circuit acts as a 
filter, which converts the rectified D.C. to a smooth one. The 
waveforms of the applied voltage and the corresponding current 
with a filter capacitor of 1500^if are shown in Fig. 2. lib. The 
small oscillation of the current at the predischarge stage results 
from the disturbance at the electrolyte surface due to bubble 
movement which affects the area of contact between the electrode 
and the electrolyte. The current trace in the discharging 
condition indicates the discharge is more frequent than the 
previous one which was shown in Fig. 2. 11a. Figure 2.11c shows the 
traces when an inductance of lOOmH is added to the circuit. No 
filter capacitor was used in this case. The sharpness of 'the 
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current spikes vanishes, but the applied volta 9 e waveshape 
distorts due to the high switching e.m.f . in the discharging 
cond 1 t i on . 

It was found difficult to evaluate the discharge 
frequency from the above traces and it was decided to analyse the 
spectrum of the discharge signal using a signal analyser. 

2* 3« 3 Spectrum analysis of the discharge signal 

The setup shown in Fig. 2. la was modified by replacing 
the oscilloscope by a signal analyser [Mode 1 : 21 OOB , Iwatsu 
Electric Company, Japan] for spectrum analysis of the discharge 
signal. Different data lengths ^ ranging from 0 . 5K to 4K were 
selected for the analysis. However, the Forward Fourier 
Transformation CFFT] of the signal indicated no particular 
frequency. The FFT trace is shown in Figure. 2. 12. It indicates 
that a wide range of frequency, from very low to 50 KHz (the range 
of the frequency scale used ), is present in the discharge signal. 

2. 3. 4 The tool teii^>erature 

To investigate the tool temperature at different regions 
of the ECD process the following technique was adopted. The tool 
diameters were so small that it was difficult (practically 
impossible) to embed the thermocouple bead on its surface. The 


^Data length of IK means, signal has been sampled in 1000 points. 



Amplitude 


h FFT CHI 



L, 

0 

Frequency 


Range = 100 KHz 
Cut off = 2K 
Linear scale 



100 Hz 


Fig. 2-12 FFT trace for discharge signal analysis. 
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attempt of using the thermocouple bead itself as a tool was proved 
to be successful (Fig. 2. 15a). It is to be noted that the 
thermocouple beads were prepared by the method developed by Allesu 
[13. The induced e.m.f. in the thermocouple for different values 
of the applied voltage, ranging from zero upto the value where the 
bead failed due to intense arcing, was measured by a 
mi 1 1 i VO 1 tme t e r . These millivolt readings were converted to the 
corresponding temperatures using the standard conversion table. 
Chr ome 1 -a 1 ume 1 thermocouples were used in this experiment. Figure 
2.15b shows the variation of the temperature of the tool 
(thermocouple bead) with the applied voltage. 

2* 4 General Characteristics of Electrochemical Discharge Machining 

As a general overview of ECDM is available from the 
published works, only a few characteristics were studied by the 
author mainly to maintain the consistency of the results. 

2*4.1 Material removal rate CMRR3 characteristics 

A stable discharge establishes between the electrode and 
electrolyte at the tool edge when the applied voltage to the cell 
is above the critical value for that too 1 -e 1 ect roly te combination. 
Material can be machined if it is placed in the vicinity of the 
electrochemical discharge. Due to the gravity feed mechanism the 
discharging tool gradually penetrates into the workpiece showing 
the following characteristics. 

(i) The MRR increases with the applied voltage, other 'input 
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parameter remaining same (Fig. 2. 14). 

(ii>During vertical drilling of a blind hole MRR gradually 
decreases with time and after attaining a certain depth no more 
machining takes place <Fig.2.15). 

This characteristic was also noticed and discussed by 
Allesu C13. who explained this as a result of loss of the 
potential at the electrode edge due to the accumulation of bubbles 
at the machining zone when scavenging was absent. Allesu also 
demonstrated it by a special set of experiments as discussed in 
Sec. 1.2. For further proof of the explanation the author 
conducted an experiment with a different configuration. Machining 
of a glass wafer was done along its width by a tool whose diameter 
was larger than the wafer thickness (Fig. 2. 16a). This arrangement 
ensured no accumulation of vapour bubbles at the machining zone 
and continuous removal of the machined particles. A constant 
machining rate was obtained with this configuration (Fig. 2. 16b), 
in accordance with the explanation given by Allesu. 

The effect of the electrolyte temperature on the MRR 
characteristic, was not investigated as it was decided beforehand 
not to include the electrolyte temperature as a process parameter. 

2.4.2 Surface condition after ECDM 

With the arrangement as shown in Fig. 2. 16a, machining of 
a glass wafer was done upto a depth of 0.25 cm. The machined 
wafer was cleaned and examined microscopically. An exaggerated 
view of the surface texture is represented in Fig. 2.17. The 
machined surfaces was found parallel to each other indicating the 
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Fig. 2-14 MRR for different applied voltage 
workpiece : glass 




Fig 2.15 Variation of MRR with machining time approaching 
limiting depth, workpiece : glass. 
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Fig. 2*17 Surface texture after ECDM 
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absence of any stray cut. The corner reproduction was good. The 
examination revealed that the subsurface contains a resolidfied 
surface and microcracks underneath the resolidified layer. These 
facts indicate that the machining process in ECDM is a primarily 
thermal one. The cracks were resulted from the scJden quenching 
of the workpiece by the surrounding electrolyte. 

2- 4» 3 Range of ECDM 

The range of ECDM is limited by the phenomenon of tool 
softening at a high applied voltage (90V> and by the tool size. 
Though with the application of higher potential the MRR increases, 
the temperature of the tool also rises simultaneously, as shown in 
Fig. 2. 15b. At a certain applied voltage, the stable discharge 
between the tool and the electrolyte converts to an arc and the 
tool temperature rises substantially. This causes tool softening 
as well as thermal cracking of the workpiece. Characteristically, 
the discharge is confined at the tool edge. For small diameter 
tool the effect of the discharge is such that the whole material 
under the tool melts and machining can be done. If the tool 
diameter is increased too much, material under the tool end can 
not melt fully by the discharge which takes place at the edge 
region only. As a result the indentation of the tool in the 
workpiece in such cases is not possible for the residual central 
portion of the workpiece. Practically, the ECDM can be performed 
for voltage ranging from a few volts above the critical voltage to 
90V. The alkaline medium was found suitable for ECDM. 
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8,5 Identification of the system and its Basic Parameters 

Development of a theoretical model needs the proper 
identification of the system and the selection of the basic 
parameters. The system of ECDM can be expressed in the form of a 
number of sequenced events. The application of an above-critical 
voltage to an electrochemical cell results enough bubble density 
on the tool electrode to blanket it which leads to discharge at 
the tool edge. A part of the energy released by the sparks is 
conducted to the workpiece (placed in the vicinity of the 
discharge) and melts it locally. The molten part is removed by 
shock and the material removal takes place. 

It is clear from the V-I characteristics of the ECD 
phenomenon that the electrolyte and its concentration are the main 
parameters for the determination of the critical voltage. In 
addition to these, the contact area between the tool and the 
electrolyte is another factor to determine the critical current. 
The applied voltage, line inductance and the electrolyte 
temperature alongwith the electrolyte and its concentration 
determine MRR in ECDM. However, the electrolyte temperature is 
not included as an input parameter in the present model. 



CHAPTER 3 


ONSET OF ELECTROCHEMICAL DISCHARGE: A THEORETICAL 
MODEL AND EXPERIMENTAL" VERIFICATION 


3.1 Introduction 

Electrical discharge in electrolyte was observed by many 
researchers in different circumstances. In all instances it was 
treated as a factor detrimental to the concerned processes. Thus, 
the primary motive behind all investigations concerning ECD had 
been to eliminate such discharge. As a result the mechanism of 
such discharge and the critical conditions leading to the onset of 
the phenomenon remain unexplored. The different characteristics 
of ECD were discussed in chapter 1. The characteristics provided 
the idea of the existence of a critical condition leading to the 
onset of electrochemical discharge. From the previous studies, 
the bubble nucieation on the tool electrode surface emerges as the 
main cause of discharge onset. The electrochemical reaction at 
the electrode and boiling of electrolyte at the interface region 
produce the bubbles. Therefore, some observations made by the 
researchers regarding the bubble formation and its dynamics in the 
concerned field of electrochemistry and boiling phenomenon were 
consulted and were found useful to develope the present model. 
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3.2 Basic Sk:hem© of Discharge Onset 

The schematic diagram of an ECD set up is shown in 
Fig. 5. la. Any electrical circuit inherently consists of elements 
such as resistance, capacitance and inductance. The contact area 
between the electrode and the electrolyte constricts due to the 
bubble nucleation on the electrode surface. This constriction 
produces the effect of an extra electrical resistance. The 
current path to the electrode with and without bubbles on it are 
shown in Fig. 5. lb. The interionic repulsive force restricts the 
ion movement in the electrolyte and produces electrical 
resistances. The connecting leads, joints etc are also the source 
of electrical resistance. The electrodes attract the oppositely 
charged ions due to the electrostatic force. At any instance of 
the process, some unneuralised ion remain stagnant near the 
electrodes. These oppositely charged elements separated by a 
small distance at the electrode-electrolyte interface is 
equivalent to the situation in a charged capacitor (Fig.5.1c>. 
The constriction of the current due to the bubble formation causes 
nonuniformity in the current path and results in an inductive 
effect [213 apart from the resistive one , as mentioned earlier. 
Even joining of two wires by twisting can introduce some inductive 
effect. Thus, the circuit of an ECD setup can be represented as 








Power supply 


75 



© Electrode 
(Cathode) 

©o 

g© 

Electrons 

§© 


Electrode 


surface 
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Fig. 3.1(d) Equivalent electrical circuit of the 
E.C.D set up. 



74 


shown in Fig.?. Id. Referring to this figure and, L are the 
capacitance and inductance which are inherent permanent features 
of the circuit. and are the capacitance values of the 
interfaces which arise due to the accumulation of the opposite 
charges at those regions. and are the resistances at the 
interfaces due to the constriction effect of the bubbles and R^ is 
the resistance of the bulk electrolyte. 

The effect of the current concentration takes place if 
there is any sharp edge present in the current path. This 
disturbs the current distribution of the systems, and a potential 
field is developed at the region. Due to this characteristic 
current concentration appears at the tool edge (Fig. 5. 2). As a 
result the discharge is mostly confined to this region. The 
bubbles move upward to the electrolyte surface due to the buoyant 
force exerted by the electrolyte. But, the bubbles at the bottom 
surface of the electrode cannot move such freely as its upward 
movement is restricted by the electrode surface itself (Fig.?.?). 
So, it can be assumed that the bottom faces of the electrodes are 
permanently insulated from the electrolyte by these stagnant 
bubbles. 


3*2.1 Swlt-chlng phenomenon 

Electrical discharge can take place either due to the 
dielectric breakdown of the medium or due to switching action. 
When the applied potential between two electrodes separated by a 
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Fig. 3. 2 Distribution of current near a sharp edge. 
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Fig. 3. 3 Bubble blockage at the bottom edge of 
the electrode. 




76 


dielectric medium is high enough, the breakdown of the medium 
takes place. Spark appears between the electrodes through the 
highly ionised channel developed due to dielectric breakdown. In 
a similar manner discharge between electrodes can also take place, 
when the medium is gaseous one. The required potential difference 
between the electrodes to cause such discharge through the air is 
given by the Paschen’s curve [22] (Fig. 5.4). The horizontal axis 
of the figure represents the product of the pressure of the gas 
and the distance between the electrodes. The value of the 
required potential difference is given by the vertical axis. For 
other gases the value of the potential required is in the same 
order . 

The other type of discharge takes place at the 
interrupter switches of electrical circuit. If the inductance of 
the circuit is L, then at the instant of opening the circuit the 
induced e.m.f. , is given by 



where I is the current at the instant of circuit opening and t is 
the time to break the circuit. This e.m.f. is termed as back or 
switching e.m.f. The energy stored in the inductance is released 
through this spark. There are different explanations of this 
phenomenon. The discussion on those are out of the scope in the 
present context. However, it should be mentioned that this 
phenomenon occurs in the te 1 ecoimmun i cat i on switches where the 
operating voltage is less than 50V. This type of discharge can 



Breakdown voltage (V) 


77 



(Electrode distance X pressure) atmosp- cm 


Fig 3.4 


Poschen's curve for breakdown voltage, (for air 
filled gap at 20 °C for plane parallel electrode) 
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also be noticed in a circuit whose operating voltage is much less 
(<10V), but carries enough current. For example, short circuiting 
a car battery can produce a disturbing discharge. A discharging 
switch is shown schematically in Fig. 5.5. 

From Paschen's curve it can be seen that the minimum 
required potential difference to initiate a discharge through an 
air gap is in the order of 280V. Whereas in ECO cell the 
discharge occurs at an applied voltage in the range of 15V-50V. 
Hence, it is logical to conclude that the discharge in the 
electrochemical cell is due to the switching phenomenon and not 
the electrical breakdown of the gas bubbles. 

3*2.2 Blanketing and the discharge 

Hydrogen gas is liberated in the form of bubbles at the 
cathode, due to electrochemical reaction. The bubbles gradually 
grow in size and after attaining a critical size, they detach from 
the electrode surface. During the growth their shapes remain 
hemispherical for the reason described later. The base diameter 
of the bubbles prior to departure is D^. Nucleation site density 
of bubble increases with the applied voltage (i.e. with the 
current density also) to the cell. When the nucleation site 
density of becomes sufficiently high, substantial constriction 
of the current path takes place at the interface. Figure 3.6 
shows the nucleation site density on the electrode surface at 
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Fig.3.6 Bubble density on tool electrode at different 
applied voltage. 
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different value of the applied voltage and the location of the 
constrictions. This causes an increased resistance at that region 
and the ohmic heating of the electrolyte becomes significant. 
This causes the onset of vapour bubble nucleation on the electrode 
surface in addition to the bubbles. Beyond this stage the 

number of the combined nucleation sites increases very rapidly 
with the applied voltage. It was observed by Janssen and Hoogland 
[253 that with the increase of current density through an 
electrochemical cell, more and more nucleation sites for 
generation become active. While investigating the boiling 
phenomenon, Staniszewski [24] noticed that the number of 
nucleation sites of the vapour bubbles is proportional to the heat 
flux at low heat flux condition, but it becomes proportional to 
the square of the heat flux when the heat flux is high. As the 
nucleation site density reaches a critical value, vapour 
blanketing of the electrode occurs. This was also noticed by 

Griffith et . al . [253 and Zuber [26]. The author suggests that at 

the critical value of the nucleation site density, maximum 
possible coverage of the electrode surface takes place with the 
full grown hemispherical bubbles of base diameter, D^. At this 
stage the points of contact between the electrolyte and the tool 
electrode, known as bubble bridge, blows off instantly due to 
intense heating <Fig.3.7a). Consequently the current through the 
circuit drops to zero within a very short time span, which is 
analogous to the switching off in an 


electrical 


c i rcu i t 
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(Fig. 5. 7b). Discharge takes place along the locations of the 
bubble bridge, reducing the circuit to that shown in Fig. 5.7c. 
The bubbles dislodge from the electrode surface due to bridge 
blowing and the contact between the electrode and the electrolyte 
is reestablished. This cycle repeats continuously. 


3.2.3 Sinqslifying assumptions and idealisation 

The phenomenon of ECD is a very complex one. To make 
the problem tractable some idealization of the real system and 
simplifying assumptions are unavoidable. In the idealised 
circuit. shown in Fig. 5. Id, and can be neglected as there 
values are very small. As discussed earlier, current concentration 
at the tool end takes place, because of the sharp edge. To tackle 


the situation, the 

current at the 

edge is 

assumed 

to 

be 

distributed uniformly. 

as in the other 

part of the 

e 1 ectrode 

, on 

an imaginary extended 

length cf the tool (Fig. 5. 8). 

Thus , 

the total equivalent 

length of the 

e 1 ectrode 

d i pped 

i n 

the 

electrolyte is the sum 

of the actual 

phys i cal 

length 

and 

the 

imaginary length (1.). 

This assumption 

does not 

affect 

the 

V-I 


characteristics in any major way. Only the scale of the depth 
axis of the V-I characteristic for tool depth changes. This is 
likely to affect only the constants of proportionalities of the 
model, which are in any way to be determined by the pilot 
experiments. The nature of interdependence of various process 
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Fig3.7{a) Discharge locations with bubble distribution at 
critical condition 

(b) Idealised switching off situation, and 

(c) Idealised equivalent circuit at discharge 
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Imagined electrode Current d istribution 


Fig 3.8 Actual and idealised electrode with corresponding 
current distribution. 
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parameters also are not expected to be affected by this 
simplification. To simplify the analysis without sacrificing any 
basic characteristic feature of the process. the following 
assumptions are made: 

<i> A set of identical bubbles nucleate, grow to the 

critical size (with base diameter D .) and then detach 

d 

simultaneously over the whole equivalent surface of the 
tool. 

(ii) The nucleation sites of both the and vapour bubbles 
are uniformly distributed over the whole equivalent 
surface of the electrode. 

(iii) bubbles and vapour butsbleS' 'behave in identical 

fash i on . 

(iv> Current distribution is uniform over the whole 
equivalent surface of the tool, as discussed earlier. 

(v) Characteristic of the electrolytes do not change with 
time. 

<vi) The growth of all bubbles are rapid. 

3*2*4 Some relevent observations in the field of the 
electrochemistry and boiling phenomenon 

Apart from the simplifications made in the previous 
section, a few observations by the researchers in the field of 
electrochemistry and boiling phenomenon are also utilised for 
understanding the mechanism and developing the theoretical model. 
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These are as follows: 

(i) The fast growing bubbles are hemispherical in shape and the 
diameter prior to detachment from the surface is independent 
of current density and is governed mainly by the buoyant 
force and the viscous properties of the electrolyte, as 
noticed by Venczel C27]. 

(ii> Ivey [283 showed that the relationship between the diameter 

prior to departure of the vapour bubble and the frequency of 

bubble generation at a particular site depends on the regime 

of the bubble growth. For very small bubbles, whose growth 

2 

is dynamically controlled, = constant, where is the 

departure diameter and f is the frequency of bubble 

generation at a particular site. On the otherhand for 

1/2 

thermally controlled large bubbles, D^.f = constant. In the 

intermediate regime the exponent on f is between 2 and 1/2. 

<iii>It has been observed that the vapour bubble growth rate at 

5/2 

the initial stage is in the form of D(t)« t , which changes 

1/2 

to asymptotic growth, given by D(t)o< t , at the later stage 
[293. Electrolytic gas evolution at atmospheric pressure is 

completely controlled by mass diffusion and is of the form 
1/2 


D<t)oc t 


[503 . 
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3. 3 Mod©! of Blanketing and Onset of ECD 

The following model is being developed according to the 
scheme discussed in section 5.2. As a general representation the 
values of the parameters at the critical condition (Sec. 2. 5.1) are 
denoted by the subscript c. 

The bubbles on the electrode surface is hemispherical in 

shape due to their fast growing nature. Let, N be the nucleation 

site density and be the base diameter of the bubbles at 

departure. fJ increases with the applied voltage and reaches a 

value at the critical condition. The maximum possible coverage 

of the electrode surface takes place with the nucleation site 

density N and the bubble base diameter D., leading to the vapour' 
c d 

blanketing and discharge. Under these conditions the combined 
gas and the water vapour (henceforth termed as the combined gas) 
bubble generation rate is 

r^1 =v=k, D^fN (5.1) 

t dt Jc c 1 d c 

where ^ is the volume of the combined gas generated per unit area, 
is the combined gas generation rate per unit area, f is the 
frequency of the bubble generation, independent of voltage, from a 
particular nucleation site and is a constant of 

proport i ona 1 i t y . A two-dimensional close-packed formation of the 
bubbles is required to provide the maximum coverage of the 
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electrode surface <Fig.5.7a>. For this configuration 


^ k' = 1 

4 2 a c 


or. N = -^ 

DI, 

d 


(5.2) 


where 1/^2 critical packing density and constant and 

# 

k„ = 4/TTk.. 


that 


From the observation (iii) (Sec. 3. 2.4), we can assume 


D<t> « t 


1/2 


= ""i °d 


(3.3) 


where, t . is the time taken by the bubble to attain the departure 
a 

# 

diameter. D.. and k, is the constant of proportionality, 
d 3 

Neglecting the delay time (the time required to nucleate 
the next bubble after the departure of the previous one), the 
bubble frequency, f, is given by 


f = 


(3.4) 


where, k. 


k ' 

^3 


constant , 


From the observstion of Ivey CObvs.<ii), Sec 3.2.41 we 


can assume an overall regime of bubble growth, where both the 
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thermally and dynamically controlled bubble growth are taking 
place. Under this condition 


D ..f' 
d 


< 5 .?) 


where, is constant and j <n<2. From <5. 4) and (5.5) 




(5.6) 


In (5.6) the right hand side is a constant, provided n is a 
constant. The value of n depends on the regime of the bubble 
growth. If that regime is same for all electrolytes, the 
departure diameter comes out to be almost constant. Equation 5.6 
also indicates another significant result that the departure 
diameter of the bubble is same under all conditions. This result 
is in agreement with the observation made by Venczel, at high 
current density CObv. (i). Sec 5.2.43. 

Substitution of the values of N from (5.2) and f from 

c 

(5.4) in (5.1) yields 


5 - 

V 


or , V 

c 

where k^ 








(5.7) 


kjk^k^ =.costant. 
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Equation 5.7 indicates that the combined gas generation 
rate per unit area, at the critical condition is constant as both 
k, and D. are constants. 

5 u 

For any given tool size the critical combined gas 


generation rate, v , can be obtained by multiplying v with 

c c 

equivalent surface area of the electrode, . Thus, 



(5.8) 


the 


with A = rrdl = rrd < 1 + 1 . ) (5.9) 

e e 1 

where d is the diameter of the tool, 1 is the actual length of 
the electrode dipped in the electrolyte and 1. is the imaginary 
extension of the electrolyte length to account for the current 
concentration at the edge, as discussed earlier. The face area is 
neglected in the calculation of the surface area, due to the 
reason which is also stated earlier. 

It is already mentioned that the combined generation 
rate is the sum of the gas generation rate and water vapour 
generation rate. Let those be denoted by v^ and V 2 . respectively, 
so that. 



At the critical condition 



(5.10) 
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3. 3» 1 Mechanism of hydrogen gas generation 

When electric current passes through an electrochemical 
cell electrolysis of the aqueous electrolytes takes place. As a 
result the following reactions take place to liberate hydrogen gas 
at the cathode. (The anode reactions are not shown here). 

H^O = oh" + 
h'*' + e = H 

2H = (at cathode) 

When the liberated hydrogen gas saturates the neighboring 
electrolyte, it comes out in the form of bubbles. The quantity of 
liberated by the electrochemical reaction is given by the 
Faraday's law of electrolysis. The law states that the quantity 
of element deposited or dissolved at the electrode is proportional 
to the charge passed through the cell and the constant of 
proportionality is termed as the electrochemical equivalent. If w 
be the deposited or liberated quantity of element, then 
w = ^ 1 1 

where e is the electrochemical equivalent, I is the current and t 
is time. When I is in amp and t is in second, then the product 
'It' is termed as coulomb and the electrochemical equivalent of 
is 1.045 X 10 ^ mg/coloumb. 

In our present configuration of the bubble generation, 
both the gas and water vapour generate simultaneously. It will 
be logical to assume that the bubble are at a temperature of 
lOO'^C. By Avogadro ' s law the density of a gas at 0 C and 1 
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atmospheric pressure is 

P = 2- 24 - 0O -• gm-moie/c.c 

2 -5 

For . P|_| = ' 22400 ^ 10 gm/c.c 

The density of at lOO^^C or ?7?*^K is 

<at lOO'^C) = — X = 6.555 x lo"^ gm/c.c 

when the electrochemical equivalent of at 100*^0 is expressed in 
volume 

Y = s/ (density of at lOO'^C) 


1.045 X 10“^ 5,r. , 

cm /Col . 


6.555 X 10 


-5 


= 0.16 cm^/A-Sec. ( As 1 A-sec = 1 Col) 


Hence, v^ = yl , where r= 0.16 cm^/A-sec and at critical condition 


V, = r I = r 
Ic c ^ c e 


<3.11 ) 


3.3.2 Mechanism of water vapour generation 

The water vapour forms on the electrode surface due to 
If I be the current and be the interface 


ohmic heating . 
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resistance, then the rate at which heat liberates is I^R^. A 

major part of this heat generated is lost due to conduction in the 

tool and convection in the electrolyte. Only a small part is 

utilised in vapour formation. Let, ft be the fraction of heat 

utilised in the vapour formation. T be the ambient temperature 

a 

and T|^, L and s be the boiling point, latent heat of vaporisation 
and the specific heat of the electrolyte, respectively. Then the 
rate of vapour formation is given by 

/? R, 

v^ = pCs (T -T >+L] "" ^5 

D a 

where, p is the density of water vapour. It is 

difficult to calculate ft theoretically. Therefore it was decided 
to evaluate the factor 6 by an indirect method which will be 

discussed afterward. It was termed as the coefficient of vapour 
formation and expressed in cm^/watt-sec . At critical condition. 


V, = R, 

2c c 5c 


(5.12) 


3,3.3 Determination of the critical current and the 

critical voltage CV^)* 

Substituting the values of and 2,c (5.11) and 

(5.12) in (5.10) 

V = y I +61 R- 
c * c c 

when expressed in terms of unit area. 


< 5 . 15 ) 
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^c = ^ Jc 

+ <51^ R. C-i.) 
c 5c ''A 

e 


= r 

+ SjI r,^ a 

c 3c e 


or. 6 R^^A^/ 

+ = 0 

(5.14) 

The positive root 

of 3^ in (3.14) 

is the critical current 

density. So that. 




- r + + 46R, A V 

j _ 5 c e c' 

c ■ 2 6 R, A 

?c e 

The critical voltage, . can be determined from 
idealised ECD circuit as shown in Fig. 3. Id. This 


<3. 13) 

(3.13) and 
yields 


the 


V = J A i. R, + R, + R, ] 
c c e *■ Ic 2c 30-* 


(3.16) 


where, R2£,*R2c *^3c critical values of the resistances 

Rj , and . 


3» 4 Delerminat-ion of the Invariant Quantities and Evaluation of 
Various Constants. 


.It is extremely difficult to estimate all the constants 
in (3.7) and (3.12), without taking help of any experimentation. 
Furthermore, it is also very difficult to estimate the values of 
R, , R- and R, theoretically, due to their transient nature 
involving complex bubble dynamics. The experimental setup shown 
in Fig. 2. la was used for conducting the pilot experiments to 
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evaluate these constants, critical resistances and the invariant 
parameter , 1 . . 


3.4.1 Determination of 

The depth of a tool in the electrolyte was varied in 
the range 0.05cm to 0.25cm keeping its diameter constant. KOH of 
40% concentration was used as the electrolyte. Smooth D.C. supply 
of 15V was applied to the cell, so that the V-I characteristic 
remains within the predischarge region. The currents through the 
cell ware plotted corresponding to different tool depths in the 
electrolyte. The same procedure was followed with the tools of 
other diameters. T a plots were extended to intercept the 
horizontal axis (the tool depth axis). It was observed that all 
the plotted curves were straight lines and intercepted the depth 
axis at - 0.12 cm (Fig. 5. 9a). To check whether this intercept 
changes with applied voltage or not, the same procedure was 
repeated with the voltage magnitude at the critical condition. 
Interestingly, the same location of intercept was obtained as in 
the previous sets of experiments. (Fig. 5. 9b). As the current 
depends on the area of contact between the tool and the 
electrolyte, it is expected that the current will be zero when 
the area of contact between tool and electrolyte is zero. The 
zero current corresponds to the point where the plotted straight 
lines intersect the tool depth axis. This signifies that the 
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Fig 3.9 Evaluation of Ij 
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effective length of the electrode in contact of the electrolyte is 
the sum of the actual length and that intercept. Hence the 
imaginary extension of the electrode length is that intercept, 
which gives 

1 . = 0 . 12 cm 

i 

3.4.2 Determination of the critical resistances 

The total resistance of the electrochemical circuit is 
the sum of the three components Rj , and CFig.>.ld3. Out of 
these Rj and R^ result from the constriction effect at the 
electrode surface due to the bubbles. The nucleation site density 
of the bubbles on the nonmachining electrode is much less compare 
to that on the tool electrode, owing to its much larger area of 
contact with the electrolyte. The nucleation sites on the larger 
electrode is distributed enough sparely to have no constriction 
effect C513 and hence, Rj can be neglected. It was decided to 
conduct a special set of experiments to investigate the behavior 
of R^ . The experiments were planned to conduct at a very low 
value of applied voltage, so that the bubble density on the tool 
electrode remained low. In this situation R^ can also be 
neglected, so that the only R^ component will be effective. 

A full wave rectified D.C. (much lower than the critical 
value) was applied to the cell and the waveshapes of the applied 
voltage and the corresponding current were monitored by the 
oscilloscope. The applied voltage was gradually increased and it 
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was observed that the current waveshape distorted beyond a certain 

limit of the applied voltage (Fig. 10). this indicated that 

was no more negligible beyond that value of the applied voltage. 

Within the limit found above, the ratio of the instantaneous 

voltage and the instantaneous current was constant throughout. 

This revealed the fact that is not a function of the applied 

voltage and remain constant throughout the region of the applied 

voltage upto the critical point. To investigate the variation of 

with the concentration of electrolyte, the above technique was 

repeated for different concentration of the same electrolyte. It 

was found from the variation that R^ can be expressed in terms of 

the mole fraction of the electrolyte and the equivalent area of 

the electrode A as. [Appendix A3 
e 



where and constants and depend on electrolyte. The mole 

fraction M is expressed as 

m 

M = — 

m^t m^ 

where, m^ moles of the electrolyte are present in m^ moles of 
water. The values of and for four commonly used 

electrolytes, as obtained, are given i.n Table 3.1. 

The interface resistance R^ depends on the bubble 
density on the electrode surface. The bubble density increases 
with the applied voltage, i.e., current. So, Rj is also expected 
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to incrsase tAiith the applied voltage. Therefore, the concerned 
investigating experiments were conducted in the critical 
condition. The total resistance at the criti-cal condition can be 
calculated from the values of the current and the voltage at the 
critical point of the V-I characteristic curve. Let at the 
critical condition, and be the values of the voltage and the 
current respectively. This gives the critical resistance 

V 

R = 
c I 

c 


which is the sum of and is the critical values of 
the interface resistance and R^^ = R2 > S-S R2 remains constant 
throughout predischarge the region, as found earlier. Thus R^^ 
for any combination of the tool and the electrolyte can be given 
by 


The values R, for different concentration of a single 
?c 

electrolyte were obtained and found to follow the same pattern as 
that of R^ [Appendix A] and can be expressed as 
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The values of and for the same four electrolyte 
are given in Table 5.1. It is interesting to note that and 

values are independent of the electrolyte. 


Table 3.1 



>^2 


^2 

S 

Electrolyte 

2 , -0.5, 
<ncm mole > 

2 , -1.0, 
<ficm mole ) 



NaOH 

0.15 

o 

o 



KOH 

0.15 

0.055 

0 

1 

-1 .0 

NaCl 

0.22 

0.055 



KCl 

0 . 22 

0.05 




3.4.3 Evaluation of v and S t 

c 

The only two invariants left to be evaluated were v^ and 
6. The hydrogen and the water vapour are generated simultaneously 
at the electrode surface. It is difficult to measure the volume 
rate of generation of those elements as all the bubble released 
from the electrode surface do not come out from the electrolyte. 
The condition of the electrolyte boiling at the interface in an 
ECD setup is referred as subcooled boiling. In subcooled boiling 
the bulk of the fluid do not attain the boiling temperature. Most 
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of the vapour bubbles, detached from the electrode surface 

collaipse, releasing the latent heat of evaporation to the 

relatively cold bulk electrolyte. Similarly, some part of the 

hydrogen gas diffuses into the electrolyte. • Therefore, an 

indirect method was adopted to evaluate both the v and S 

c 

simultaneously. A few sets of pilot experiments were conducted 

with different configurations of the tool and the electrolyte. 

The corresponding values of and and constant value of T 

were substituted in (?.14) [Appendix B3. The resultant quadratic 

equations were solved and the values of v^ and <5 were found to be 

as foil ows : 

V = 6.28 cm/sec 
c 

and 6 = 0.018 cm^/watt sec. 


3.4*4 Summer! zat ion of the result 

The final forms of the expressions predicating the 
critical current and critical voltage can be arranged as follows 


I = J A = A 
c c e e 


r + Cr^ + 46 K, M ^3 V 


2 


2 6 Kj M^a 


<?.17> 


'^c-7r[ 


= J, [ + K,M^a] 


(3.18) 



10 ? 


3 

where y = 0.16 cm /A-sec 

6 = 0.018 cm^/watt-sec 

V = 6.28 cm/sec 
c 

= ~ 0.?! X^ = -1.0 and 

and are the coefficients given in Table ?.l 


3.5 Verification of the Modelt 

The model developed in Sec.?.? and the formulations in 
Sec.?. 4 on the basis of that model were verified to establish the 
accuracy. Verification was done by comparing the results obtained 
from the verifying experiments with those predicted by the model. 
Figure ?.ll shows the comparison between the critical currents for 
four different electrolytes at two different tool depth of 0.1 cm 
and 0.2 cm. obtained experimentally and calculated on the basis of 
the model. The comparison for the critical voltages are shown in 
Fig.?. 12. The critical voltages being independent of the tool 
depth, the plots for 0.1cm and 0.2 cm coincide. Figure ?.l? 
compares the calculated and the observed critical voltages and 
critical currents for different tool diameters, other parameter 


being the same. 



Concentration, WT % Concentration, V'JT % 

Observed 
Calculated 

Fig 3.11 Comparison of calculated and observed Iq for tool 
diam.O.ll cm and depth 0.1 cm a 0.2 cm., power 
supply: Smooth D.C. 








Fig 3.13 Comparison of observed and calculated Vc 8c Iq 
different tool diameter (power supply ; Smooth D.C) 
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3. 6 ECD Phenomenon Above the Critical Condition 


In the present chapter emphasis has given to model the 
critical condition, where ECD phenomenon initiates. If the 
applied voltage to the cell is slightly more than the critical 
value a stable discharge at the tool edge takes place. It is 
already pointed out that the intensity of the discharge increases 


with the 

appl i ed 

voltage. This is 

due to the fact 

that 

larger 

amount of 

energy 

are released with 

the increase of 

the 

appl i ed 

voi tage . 

The stabilisation of the 

discharge occurs 

due 

to the 

switching 

action 

at a quick succession. The spark 

po i nt 

moves 


rapidly throughout the edge region forming a luminous ring of 
discharge. Though the RMS current value is low at this stage, the 
instantaneous 'peak value increases with the applied voltage.^ 
Electrochemical discharge machining can be done with the help of 
this stabilized discharge. 


This can be noticed from the Fig. 2. 2 and 2.11b. The region 4 of 
fig. 2. 2 shows a low RMS value of circuit current but the 
corresponding current wave shape in fig. 2. 11b shows the peaks at 
high values indicating high instantaneous current. 




CHAPTER 4 


THEORETICAL MODEL OF ECDM AND 
ENHANCEMENT OF THE PROCESS CAPABILITY 


4*1 Introduction 

The basic mechanism of electrochemical discharge 
machining (ECDM) is the localised melting of the workpiece by the 
energy released from a senes of electrochemical discharge (ECD). 
The basic parameters controlling the material removal rate (MRR) 
are identified from the investigating experiments as the input 
voltage, the electrolyte and its concentration and the temperature 
of the electrolyte. ECD being a type of switching phenomenon the 
effect of the circuit inductance as a parameter is also 
investigated. In addition to these tool polarity as well as the 
type of power supply also influence the MRR. However, in the 
present work the temperature and the tool polarity are not 
included in the model. The temperature is taken as constant at 
room temperature and the cathode tool is used. The verification 
of the model is done with 100 Hz full wave rectified D.C. 
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4.2 Basic Schema of ECDM 

The process of material removal in ECDM is a thermal 
one. A part of the energy released by the discharge is conducted 
to the workpiece and raises the temperature of the workpiece to a 
high value. this temperature rise is confined to a localised 
region. If the maximum temperature attained is more than the 
melting temperature of the workpiece some part of the workpiece 
melts. the molten portion is removed by the shock due to the 
discharge and it ultimately results in a small crater. The 
mechanism of material removal in ECDM is comparable with that of 
electric discharge machining (EDM). In EDM the applied potential 
between the electrodes (tool and workpiece) causes breakdown of 
the dielectric medium. This results in electron emission from the 
tool through the gas bubbles, formed due to the dielectric 
breakdown. The resulting discharge strikes the workpiece and 
melts it locally. This type of discharge takes place from the end 
surface of the tool and between the points where the distance 
between the tool and workpiece is minimum. ECDM differs from EDM 
in the way that, the discharge in ECDM takes place between the 
tool and the electrolyte due to the switching action and only at 
the tool edge. However in both the cases the electrical discharge 
causes machining. A comparison between the initiation of 
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discharge and material removal in EDM and ECDM is shown 
exaggeratedly in Figs. 4. la and 4.1b for a single discharge. 
Though it was assumed that the sparking takes place at the edge, 
practically the sparking zone is a small area at the vicinity of 
the edge <Fig.4.2a>. It was observed that with the increase of 
the applied voltage the region of sparking enlarges and the vacant 
area at the centre shrinks. Simultaneously the sparking zone also 
spread along the side of the tool. The region of sparking shown 
in the figure is qualitatively only and analytical treatment is 
kept outside the scope of the present work. The molten part of 
the workpiece surface due to the annular area in which the sources 
(developed by the discharge) are distributed is indicated in 
Fig. 4. 2b and 4.2c. In Fig. 4. 2b the distribution of the melting 
temperature of workpiece material is such that at the central 
region no melting takes place. This unmelted region restrict the 
penetration of the tool in the workpiece and machining becomes 
impossible. The thickness of the annular area of discharge 
expands towards the central region with increased current, i.e., 
with increased applied voltage. Also, the energy density of the 
sparking zone increases with applied voltage. When the molten 
area overlap at the central region (Fig. 4. 2c), the tool can move 
downward in the workpiece and drill continues. It can be seen 
that at a low machining voltage (though higher than the critical 
voltage) even a small diameter tool cannot machine material due to 
the reason shown in Fig. 4. 2b. With large diameter tool ECDM is 






• Electron 
© Positive ion 
O Dielectric molecule 



Crater 






Fig. 4-1a Mechanism of discharge and material 
removal in EDM 
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Location of 
discharge 



Fig, 4-1b Mechanism of discharge and material 
removal in ECDM 



11 ? 




(o) Discharge zone 



Workpiece 

(b) Drilling not 
possible 



(c) Drilling possible 



Fig. 4-2 Drilling by ECDM 
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not possible as the molten area never over lap. However , trepanning 
can be done with hollow tools with relatively larger diameters 
which is explained by Fig. 4. 5. It will be logical to formulate 
the problem in the manner which has been done generally in case of 
the EDM. 

4* 2. 1 Assuii^>tlons 

The following assumptions and idealisations are proposed 
to simplify the model of material removal in ECDM. 

(i> The workpiece is homogeneous semi infinite body. 

<ii) The thermophysical properties of the workpiece material 
are identical for the solid and the liquid phase. 

(iii) During the discharge the current through the other part 
of the electrode surface, except near the edges, is 
negl igible . 

(iv) All spark are identical and homogeneously distributed 
near the bottom edge of the tool . 

(v) The energy density of the spark column is constant and 
the spark channel is cylindrical in shape. 

,<vi) The duration of the discharge is same for all the 
sparks . 

(vii>The molten part of the workpiece material is 
continuously removed from the machining zone. 

(viii)The machining rate is constant. 




molten zone 


Fig. 4-3 Trepanning with hollow tool 
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4« 2> 2 Problem lormulalion and Ibe solurtion procedure 

The mechanism of the material removal is formulated as a 
heat conduction problem. A cylindrical source of heat acts on the 
workpiece surface for a certain duration and heat is conducted 
into it. Then the source disappears and the conducted heat melts 
some portion of the workpiece. The treatment is similar to that 
done by Yoshitsuge et.at [52] and Konig et. al . [55] in the field 
of EDM. The coordinate system used is shown in Fig. 4. 4 with 
respect to the spark column. The temperature at any point of the 
workpiece due to the action of the heat source is given by the 
Fourier's equation of heat conduction [54]. 

r»2-r // IS 

= aVT <4. 2) 

at 

In cylindrical coordinate system, as shown in Fig. 4.4, T = 

T<r,0,z,t), t being the time, cx is the thermal diffusivity of the 

2 

workpiece material and V is the Laplace operator given by 


2 _ 1 _ 2 _ 

^r^ " r^ 


az 


in cylindrical coordinate system. From the physical configuration 
of the present problem, it is quite clear that the temperature 
distribution will be symmetric about the z-axis and T is 
independent of 0. Denoting the spark channel diameter as 2a, the 
respective initial and boundary conditions are as follows : 
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Fig. 4-4 Spark channel shape and 
coordinate system 
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Kr.z.t) = 0 for t < 0 


&T 

dz 


= 0 
z = 0 


for t > 0. r > a 


- k 


91 

9z 


z = 0 


XQ 

2 . 

Tia t. 
□ 


for 


t>0. 0<r<a 


where, k = thermal conductivity of the workpiece material, Q = 
total heat released by each spark, t^ = duration of discharge and 
X = fraction of released heat conducted into the work piece. 

It is obvious that the maximum temperature attained will 
be along the z-axis due to the axial syrwnetry. It can also be 
assumed without introducing much error that the peak temperature 
is reached at the end of the discharge, i.e., at t = t^. The 

solution of interest is the temperature at T(0,z,t^>, which is 
given by, 

OP 

o ^d 

where, ^ is a dummy variable and J^C^a) and J^C^a) are the 
Bessel's functions of zero and first order, respectively. If 
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be the depth upto which the temperature reaches the melting point. 
T . along the z-axis, then 


T 

m 


2XQ Vbtt . 

d 

TTka^t , 
d 


[ 


where, ierfc ( 17 ) 
erfc <r)> 
and erf (t?) = 


z 

_ m 
ierfc 

2Vat . 
d 


Vn 

= 1 - erf<i 7 ) 

2 

2 r ->' w 
— I e . dx 

o 


- ierfc 


erfc T) 


■n. 


z- + a 
m 


ZV~at 


<4. 2) 


Some part of the heat released by the spark will be 

absorbed by the workpiece as latent heat during melting and a 

major part will be lost to the electrolyte. The part of the 

released heat conducted in the workpiece is X. For simplicity of 

the analysis the intensity of the heat flux of the spark column, 
2 

i.e..Q/rra is taken as uniform. 


4*2*3 Numerical evaluation of the solution 

Equation 4.2 indicates that the depth upto which the 
melting temperature of the workpiece material is reached is a 
function of the spark channel diameter as well as the 
thermophysical properties of the workpiece material and the 
duration of discharge. To establish the relation between the 
energy released by the spark and the depth of the melting 
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temperature, it is essential to identify the values of T^. k, X,a. 
2 

t^ and Q/nra appearing in (4.2). The values of the thermal 

conductivity k and the thermal diffusivity a are 0.12 watt/cm^C 
2 

and 0.07 cm /sec, respectively for sodal ime glass. The melting 

temperature, T^ for sodal ime glass is about 1400^*0 C?5,?63. The 

2 

magnitudes of X and Q/rra are assumed from the discharge 
characteristics of EDM and that of t^ from the switching 
phenomenon . 

During the operation of the metallic contacts, small 

discharge occurs between the contacts. This results in some 

material transfer from one contact to the other (Fig.4.^> leaving 

some marks of discharge on the bodies as shown. Examining such a 

crater produced after a single discharge in Pd contacts, 

Riddlestone [573 computed that 2a 10 where 2a is the spot 

diameter in meter and I. is the current in ampere at the instant 

b 

when the circuit opens. In an inductive circuit with constant 
inductance the energy released by the spark caused by circuit 
opening 

E oc (4.5) 

b 

From the abovement i oned observation of Riddlestone, 

2a oc I. 

b 

which implies that the area of the spot 

A oc (4.4) 

b 

2 

where, A = rra . Thus, from (4.3) & (4.4) 
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A « E 

or , ^ = constant 

Therefore, the assumption of the constant energy density of the 
spark channel is justified. 

When an electrical contact switch opens a current 
carrying circuit a minute portions of the contact vaporise and 
forms a bridge, quite analogous to the electrolyte bridge in ECD 
(Fig 4.6). The metal vapour bridge formation and material 
transfer depend upon the time taken to open the contact. Regular 
discharge requires a voltage of the order of lOV and the duration 
of discharge depends on the energy delivered by the inductance of 
the circuit. The discharge duration satisfies the relation 



where L is the circuit inductance in Henry C?8]. However, the 

discharge duration is influenced by the speed with which the 

contact breaks. It was observed that if the discharge duration is 

more than 10 ^ sec, enough energy is released in the discharge to 

cause metal transfer between the electrodes, particularly in the 

telecommunication switches C59]. From the above observation the 

magnitude of discharge duration in ECD phenomenon is taken to be 

-4 

of the order of 10 sec. In ECD the discharge extinguishes only by 
blowing of the electrolyte bridge. Therefore, the excepted 
duration of discharge in ECD is longer than that in metal contact 


opening . 
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■/ 
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Fig. 4-5 


Materia, transfer at contact opening 
(Exaggerated view) 


Molten part 



Metal vapour bridge 

At metal contact 
opening 


Fig. A- 6 Bridge formation 



before discharge 
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Appropriate data for the energy density in the discharge 

channel are not available in the literature on switching 

phenomenon. Therefore, relevant data available from the analysis 

of spark discharge during EDM were used. In EDM the energy per 

spark ranges from 0.1 J to 0.5J with spark channel diameters in 

the range of 0.005 cm to 0.01 cm. It indicates that the energy 

2 2 

density in EDM spark channel ranges from 1000 J/cm to 5000 J/cm . 
The energy density of the EDM spark channel can be controlled by 
the operative voltage and the worktool gap. Whereas in ECD with 
usual setup, the discharge initiates due to the vapour blanketing 
of the tool electrode and the energy density is not easy to 
control. Therefore, an intermediate value of the energy density 
of the spark channel in EDM was taken and the energy density of 
electrochemical discharge channel becomes of the order of 2000 
0/cm^ . 

The spark channel in EDM developes between the tool and 

the workpiece, whereas in ECD discharge takes place between the 

tool and the electrolyte and the workpiece is placed in the 

vicinity of the discharge. This configuration is likely to have 

lesser conduction of heat into the workpiece than that with the 

usual configuration for EDM. In EDM, under normal condition, 

40%-80% of the heat released is utilised to melt the workpiece. 

+0 

Therefore, in ECDM it is assumed/^be about ZQ% of the heat released 

2 

by the spark. Thus, the magnitudes of Q/rta and X become 2000 
2 

J/cm and 0.2, respectively. With these values <4. 2) becomes 
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0.0079 = ierfc 189 z - ierfc 189 Vz + <4. 5) 

m m 

2 

and the energy released per spark can be expressed as ZOOOna J, 
where a is in cm. 

The volume of material removed per spark can be assumed 
to be conical in shape with base diameter as 2a and the height as 
z^. Material removal per spark for different spark energy can be 
estimated using (4.5) and the characteristics is shown in Fig. 4. 7. 
The relationship between these two quantities can be approximately 
expressed (as derived from the plot) as 

u = 0.^2 X 10~^ (4.6) 


Where u is the volume of material removed per spark from 
the glass workpiece in cm^ and Q is the heat released per spark in 
Joules. The amount of heat released per spark can be expressed as. 


J ‘-^o 


where L is the inductance of the circuit in Henry and is the 
instantaneous current at the beginning of discharge. However, 
when the current is equal to the condition is just adequate to 
initiate discharge, but hardly any material removal takes place. 
Hence, the actual amount of energy available for material removal 
can be taken as 

Q = i L<I -I <4. 7) 
z o c 



of material removed ( cm*) 


Q) 



: 2000 vJ/cm 


ece . 20 % 


Enlrgy 


tneiyy — 

rorinl removed per spa 

4.7 Er^ergy per spark ,^,,,oa). 

(nprived from near 
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However, it 

should 

be 

noted that 

both the 

energy 

delivered by the power 

source 

and 

the energy 

consumed 

by the 


circuit resistance during discharge are neglected for simplicity. 

4.2.4 Determination of the sparking frequency in ECDM 

It is necessary to determine the sparking (discharge) 
frequency to evaluate the MRR. It was found from the spectrum 
analysis of the discharge that no predominant frequency of the 
discharge during ECDM exists [Fig. 2. 123. Therefore it was 
necessary to idealised the situation to calculate a representative 
theoretical frequency of discharge. 

The discharge frequency is the reciprocal of the cycle 
time <=sum of the rise and fall time of the current). The cycle 
time can be calculated based on the simplified circuit shown in 
Fig. 5. Id, assuming that the capacitances to be negligible. This 
reduces the ECD circuit to a R-L circuit. The current gradually 
increases from zero due to the presence of the inductance as shown 
in Fig. 4. 8a. The current at any time t is given by, 

(4.8) 

where is the applied voltage and R is the 
res i stance . Theoret i cal 1 y it takes infinite time to reach the 
maximum current. I where 


I (t> = 


R 


1 - 


exp -{-(R/L) t}- 



IZ7 


V 

I = 
m R 


(4.9) 


' In an ECD setup, when the circuit current is zero, no 

bubble nucleates on the electrode. Therefore, at the beginning of 
the cycle, when t = 0 only exists and the interface resistance 
is zero. With the passage of time circuit current rises and 
also nucleation of bubbles on the electrode surface begins. The 
interface resistance gradually increases from zero, and reaches 
its maximum value R^^ in course of time <Fig.4.8b>. This shows 
that the maximum possible current in an ECD set up is. 


V 

I = 

^o R^f Rj 


(4.10) 


where, is the applied voltage. It is also observed from the 
current trace during discharge that the peak value of current 
increases with the applied voltage. To idealise the cycle the 
average resistance of the circuit is taken as (R^+O.^R^). 
Actually, the circuit resistance increases from R^ to (R^ f Rj) in 
the course of the cycle. Considering the average resistance (R^ + 
0 . 5R^ > , the current time characteristics can be approximated from 
(4.8) as follows 


V 

o 

R^ + 0.5R^ 



exp {-(R^ 


+ 0.5R^)t/L|- 




I(t> C 


(4.11) 
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Figure 4.8c shows the idealised condition to determine 

the sparking frequency. The rising time of the current, t^, is 

the time required to reach I . It is assumed that the blanketing 

takes place only after the current reaches I . With these 

o 

ideal i sat i ons , 

V r *1 

'o +0-5R,>tj/uJ <4.12> 


Substituting the value of from <4.10> 


R 3 ^2 


r 

+ 0.5R [ 


1- exp -{-(R^ + 0.5R^)tj 


or, exp {-(R^ + 0.5Rj>tj/L} 


= 1 


R^ + 0.5 R 
R 2 + Rj 


0.5 R^ 
■R— 


R2 + 0-5 R3 . R2 + R,-, 

-^T ^ h 0.5 R, J 


or, t, = 


1 R^ + 0.5R^ 


1 n 


f ^ ^5-] 
I 0-5 Rx J 


->] 


As in ECDM the applied voltage is always greater than 
the critical voltage, all the components of the resistance attain 
their respective critical values. Hence, 



1Z9 



in ECD setup ; (c) Idealised condition of current in ECD 
circuit . 
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R, + 0.5R- 
2c ?c 


In 


R_ + R_ 
2c 5c 


0.5 R 


5c 


L 


R, + 0.5R,^ 
2c 5c 


1 n 


- 2 R 

(^) 


SIS, R* R^ 

Zc 5c 


So, the frequency of discharge, 

1 


(4.15) 


(4.14) 


where, t. is the time of discharge, 
d 

It will be shown later CSec.4.5.13 that the rising time 

of the current is in the order of 10 ^ sec. or more, which is much 

-4 

greater than the discharge time, 10 sec. Therefore, the 
frequency can be approximately expressed, neglecting the time of 
discharge, as 





L 



+ 0. 5R 


5c 


2R 


5c 


(4.15) 


4*2.5 Det.ermi nation of MRR in ECDM 

Material removal rate in ECDM can be expressed as 
M=p.u.v (4.16) 


where M is the MRR in gm/sec., p is the density of the workpiece 
material in gm/cm^, u is the volume of the material removed per 
spark and v is the spark frequency in sparks/sec. p for the glass 



specimen used is 2.18 gm/ cm^ . From (4.6) and (4.7) 


u = 0.52 X 10 ^ 


0.52 X 10 ^ [i L (I - I ^ 

L O C 


1 .84 X 10~^ (I - I )^'° 

o c 


(4.17) 


Substituting the values of u and u from (4.17) and (4.15) 
respectively, in (4.16) yields 


. 2.18 X 1.84 X 10 ^ L^‘^(I - I )^‘° (R, + 0.5 R, ) 

.. o c 2c 5c 

M = 


L In 


. 2R . 

M 


4.01 X lO'^ - I )^'° (R, + 0.5 R, ) 

o c 2c 5c 


In 


- 2R . 

(-tt) 


gm/sec , 


0.24 L°'^(I - I )^'° (R, + 0.5 R, ) 

o c 2c 5c 


,2 R 


In 


f t- » ' «s 


mg/mi n . 


As , I = 5 — and I 

O K 

C 


c R ’ 
c 


0.24 (V - V )^'° (R- + 0.5 R, > 

M = R.S S £_ mg/min (4.18) 

,.5 . r^ci 
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4.3 Verification of ECDM Model 

Equation <4.18) indicates that the MRR is a function of 

inductance L. As mentioned earlier, each electrical circuit 

inherently possess some inductive element. Thus it is essential 

to determine the inherent inductance of the present ECD setup to 

evaluate the MRR. Let L be the inherent circuit inductance. If 

o 

an additional inductance is introduced, the total inductance, 

L = L + L, (4.19) 

o 1 

To evaluate L , MRRs with different values of L, were 
o 1 

obtained experimentally for a fixed configuration and vs. MRR 

was plotted. Equation <4.18). Shows that MRR oc ^ . The 

plotted parabola was extended to intersect the L^-axis and the 

intercept was found to be 10x10 ^ Henry [Fig. 4. 93- As the MRR 

should be zero when inductance is zero, this intercept represents 

L . 
o 

Considering a typical case of Z0% NaOH, 0.11 cm diameter 

tool and tool depth in electrolyte 0.1 cm, the critical resistance 

obtained are R- = 6.7 Q and R, = 4.80, Substituting these 

2c >c 

values of resistance and L = 10x10 ^ Henry in <4.15) 
tj = 1.72 X 10 


sec . 




Concentration 
^ 40 % 


30 % 


Electrolyte ! KOH 
Tool dia 0.11 cnr^ 
Cathode tool 

Rectified D.CJOO Hz., 50 V 
W/P : Glass 



Fig 4.9 Determination of circuit inductance 
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— ^4 

which is much greater than the discharge time of 10 sec. 

Therefore, in calculation of the discharge frequency CSec.4.2.43, 

t. value was neglected, 
d 

The accuracy of the model developed was examined by 
comparing the characteristics obtained on the basis of the model 
with those obtained from the experiments. The model indicates 
that the MRR is a function of the applied voltage, inductance, the 
critical voltage of the configuration and the critical 

resistances. The last two factors are the functions of the 
electrolyte and its concentration. For the verification of the 
model some observations made under similar experimental condition 
reported by previous researchers are also utilised. Figure 4.10 
shows the the comparison of the MRR characteristics as a function 
of concentration obtained experimentally by Umesh Kumar C6]. with 
that calculated on the basis of the present model. The 

concentration of NaOH was varied from 10% to 60%. Figure 4.11a 
compares the MRR characteristics as a function of voltage, 
obtained by different researchers. Comparison of MRR 

characteristics as a function of voltage for NaCl and KOH are 
shown in Fig. 4. 11b. Figures 4.12a and 4.12b compare the MRRs 
obtained from the verifying experiments for different values of 
total inductance with those calculated on the basis of the model, 
the electrolytes are NaOH in Fig. 4. 12a and KOH in Fig. 4. 12b. 



MR R ( mg /min ) 



Fig4.IO Comparison between observed and calculated' 
MRR for varying concentration 
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Fig4.!l (a) 


Applied voltage vs MRR 
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Fig4.llb Comparison between observed and calculated MRR for varying 
applied voltage 
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Fig. 4- 12b Total inductance vs. MRR ( KOH ) (workpiece: glass) . 
( In log scale) 
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4.4 A Proposed Sk;heii» for Enhancement of the Process Capability 

ECDM is characteristically a low material removal rate 
process. The identification of the circuit inductance as an input 
parameter is of great importance so far as any attempt to 
increase the MRR is concerned. It can be seen from Figs. 4. 12a and 
4.12b that the MRR increases by a factor of about 2.5 when an 
external inductance of lOOmH is added to the circuit. It was also 
noticed that during the experiments with additional inductance the 
RMS value of current did not change significantly. It indicates 
that the power consumption was unchanged ^nd the efficiency was 
improved. This can be explained in the following manner. The 
amount of material removal per spark depends on the spark energy 
in the manner shown by <4.6>. If the energy per spark is 

increased the material removal rate per spark increases 1.5 power 
of inductance whereas the frequency decreases inversely. The net 
effect results in high MRR. 

The critical voltage and resistances cannot be 

controlled easily during ECDM, as they are the properties of the 

electrolyte. As MRR ot (V -V >^, a small change in applied voltage 

o c 

substantially changes the MRR. But as MRR oc ^ . the change of 
MRR with inductance is comparatively less than that with applied 
voltage. A finer control of MRR in ECDM can be obtained by 
adjusting the inductance. 


CHAPTER 5 


DISCUSSION AND SCOPE FOR FUTURE WORK 


5.1 In-troduction 

The present chapter contains the discussion on the 
characteristics of the processes of ECD and ECDM. Some comments 
on the suggested models of ECD and ECDM are also included in this 
chapter. Furthermore the limitations found in the present work 
and the suggested course of future work are presented in this 
chapter . 

5.2 Discussion on t.he Restilts Obtained from ECD Experiments 

Systematic and elaborate set of investigations has been 
conducted in the course of the present work to understand the 
mechanism of ECD phenomenon. The vapour blanketing of the tool 
electrode has been identified as the primary reason for discharge 
initiation. The vapour blanketing takes place due to the 
generation of gas from electrochemical reaction and water 
vapour formation due to the interface boiling of the electrolyte. 
The electrolyte and its concentration are the leading factors to 
determine the critical voltage for discharge initiation. 
Alongwith these two factors the equivalent surface area of the 
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tool electrode determines the critical current. It is also 
identified that the ECD is analogous to electrical switching 
phenomenon. In present study the tool is used as cathode only, 
though the phenomenon can take place in a similar way with anodic 
tool. The electrode nnaterial has no significant effect on 
critical voltage or critical current. Interestingly, most of the 
potential drop takes place near the tool electrode. 

The model of ECD is based on the criterion of the maximum 
coverage of the tool surface by the bubbles, both and vapour. 
The critical combined volume generation rate per unit area was 
found to be same for any given configuration. The comparison 
between the results obtained from the experiments and calculated 
on the basis of the suggested model are shown in Figs. 5. 11, 5.12 
and 3.15. 

In <3. 17) being small compared to A^SK^v^, it can be 
neglected; then 


I 

c 


A <4<5K,M^a v 
e 3 c 

ZS K M^8 


• •-X /2 

M a 


(5.1> 


as Xj = - 1.0 (from Table 5.1) and K' = ” constant 

for a particular combination of tool and electrolyte. 


Differentiating (5.1) w.r.t. M, 
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0.3 K'M 


-0.3 


<3. 2) 


The R.H.S. of (3.2) is a positive quantity which implies that the 
critical current increases with the increase of mole fraction of 
the electrolyte, which is a function of the concentration. 
Equation 3.2 also indicates the variation of critical current with 
concentration is hyperbolic in nature. Figure 5.11 shows that the 
calculated characteristic of with concentration slightly 
deviates from the predicted hyperbolic nature . This is because 
of thefact that the mole fraction is not an exact linear function 
of concentration and also because y was neglected to determine the 
nature of the relationship between and M. 

With the same simplified relation as in <3.1) and 
substituting = -0.3, <3. 18) yields 


V 

c 


M 


0.3 


h 




K. 


M-'“] 


" r cT 1 / 2 

where. K = [jkj ~ constant for an electrolyte. 


or. = K" K, + K« K, M 
c 2 3 


-0.5 


Differentiating w.r.t. M 
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^ = - 0.5 K" Kj (5.5) 

which indicates that the critical voltage decreases with the 
increase of mole fraction, i.e., concentration. Figure 5.12 shows 
the calculated and experimentally obtained characteristic of V 

c 

with respect of the concentration. 

Equation 3.17 shows a linear relationship between the 
critical current and the equivalent area of the electrode. With 
the increase of the tool diameter. equivalent area of the 

electrode increased linearly. Therefore. the critical current 
increases linearly with the tool diameter, other parameters being 
same as shown in Fig. 3. 13. However. experiments show that the 
critical voltage increases slightly with tool diameter [Fig. 5. 133. 
whereas the model indicates it is to be independent of tool 

diameter. This may be due to the simplification done to idealise 
the phenomenon, neglecting some secondary factors. 

S*3 Discussion on t-ho ResxiLt.s Obtained from ECIM Experiments 

In ECDM the mechanism of the material removal is found to be 
based on the thermal effect of the spark on the workpiece. The 
critical voltage increases with the flow velocity of the 

electrolytes. Again, stagnant electrolyte results in poor 
scavenging. These contradictory factors reduce ECDM to a 
low-efficiency process. The melting of the workpiece material by 
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the energy released from the spark was taken as the only reason of 
material removal in the model of ECDM. The inductance of the 
circuit emerges out to be an important parameter determining the 
energy of the spark. The spark energy is also a function of the 
current at the beginning of the spark. Some assumptions like the 
fraction of heat' released by the spark conducted into the 

workpiece and the time of discharge become inevitable to quantify 

the model. Still, the nature of the variation of MRR under 

different input conditions predicted by ECDM model, is quite 

conforming to those obtained from the experiments. 

With the change of the electrolyte concentration and all 

the resistance components change. However, a small decrease in 

considerably increased the MRR, as indicated by (4.18). The value 

of the factor (R_ + 0.5 R, >/R ^ also increases with the 

Zc >c c 

increase of the electrolyte concentration. As, a result the MRR 

increases with electrolyte concentration, the applied voltage 

being same as shown in Fig. 4. 10. Other parameter being unchanged, 

MRR oc <V - V >^. For this reason the MRR increases rapidly with 
o c 

applied voltage as shown in Figs. 4. 11a and 4.11b. Again MRR oc 
^ , other parameters remaining same. Figures. 4.12a and 4.12b 
show the variation of MRR with different values of added 
inductance. The figures indicate that though the model predicts 
MRR oc the experiments show MRR oc L^'^. The most probable 

reason for this discrepancy is the idealisation made to determine 
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the sparking frequency. It was noticed during the experiments 
with different values of additional inductance that a high value 
of inductance (>250mH> ultimately results in low MRR . Because, 
with the increase of spark energy, splashing of electrolyte 
results in longer time required to reestablish the contact between 
the electrode and electrolyte. This effect disturbs the cycle and 
ultimately the average cycle time increases. 


It was observed that the MRR obtained experimentally using 
KOH as electrolyte is much higher than that predicted by the 
theoretical model. It is due to the chemical reaction between the 
glass and KOH which assist the machining. The localised 
temperature at the machining zone is quite high. much above the 
melting temperature of glass. At such a high temperature the 
larger size K^ ions from the electrolyte replace Na^ ions of the 
glass surface [Fig. 5.1] and decrease its strength [40]. This 
results in higher MRR than that predicted by the model. 

It is to be noted that different researchers obtained 
different MRR for the same input parameters. This is primarily 
due to the fact that glass, which was used as the workpiece 
material in all the experiments, is available in wide variety with 
different chemical compositions. The condition of experiments 
were quite likely to differ in terms of feed mechanism, feed force 
etc. The most important reason of this difference in result is. 
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Fig. 5. 1 Modification of structure (schematic) by 
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perhaps, the inductance of the circuit used 
an important parameter of ECDM in all 
However, the pr'esent theoretical model 
results indicate that the inductance of the 
having substantial influence on the MRR. 


which was ignored as 
previous researches, 
and the experimental 
circuit is a parameter 


5.5 Limitations of" th© Present Work and Direction tor Future 
Research. 

The main objective of the present work was to identify the 
mechanisms of electrochemical discharge phenomenon and the 
material removal in electrochemical discharge machining. The tool 
was used as cathode only. A number of assumptions were made to 
verify the ECDM model. Also, the model could not be verified for 
workpiece materials other than glass. Considering these 

limitations, future work can be extended in the following 
di rect ions . 

<i> Verification and required modification, if any, of the 
model for anodic tool. Also, the validity of the model 
should be examined with other nonconducting materials. 
<ii) The critical resistance were evaluated in a 
semiempirical manner. It is necessary to evaluate those 
theoretically in a more comprehensive manner. 
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(iii) The time of discharge in ECD was taken as constant. A 
rigorous analysis should be made for the determination 
of the time of discharge in ECD circuit. 

(iv>The energy density of the discharge in ECDM was assumed 
from the data available regarding the energy density of 
EDM spark channel. Efforts should be made to evaluate 
it from investigating experiments. 

(v) The present models of ECD and ECDM are much idealised 
and simplified. Modification of these models are 
possible, and also required, to develope a more 
real i st i c mode 1 . 

<vi> Surface characteristic and the effect on the properties 


of the 

workpiece 

have 

not 

be investigated for 

the 

pauc i ty 

of time. 

Effect 

of 

extra inductance on 

the 


surface characteristics should be investigated. 

<vii) Experiments should be conducted to investigate whether 
any further improvement of the process is possible or 
not with capacitive or combination of capacitive and 


inductive discharge. 



CHAPTER 6 


CONCLUDING REMARKS 


Based on the observations made during the experiments 
and the results of the theoretical analysis, a number of important 
conclusions can be drawn both for ECD phenomenon and ECDM. It 
will be desirable to present the conclusions in the three groups - 
(A> the concluding remarks on ECD phenomenon and its theoretical 
model, <B> the concluding remarks on the proposed model of ECDM 
and <C) the conclusions related to the proposed scheme of 
enhancing material removal capacity. The important ones are given 
below. 

A. Concluding remark on ECD phenomenon 

<i) Electrochemical discharge is based on switching 
phenomenon rather than the dielectric breakdown of the 
gas bubbles. 

<ii) The bubble diameter. both and vapour, prior to 

departure from the electrode surface remain more or less 
constant and does not vary with applied voltage. 

< i i i >The onset of electrochemical discharge takes place when 
the combined generation rate of the hydrogen and vapour 
bubbles per unit area of the electrode surface attains a 
critical value. 

<iv> Power required to initiate discharge can be reduced by 
external heating of the tool dr by raising the 
temperature of the electrolyte. 



in 

(v) The experimentally obtained critical voltages and 

currents agree well with those predicted by the 

theoretical model of electrochemical discharge. Thus it 
can be considered that the model is representing the 
actual physical phenomenon with a reasonable degree of 
rel iabi 1 ity . 


B» Concluding remark on ECDM 

(i> A part of the energy released by the discharge is 

conducted into the workpiece and melts it locally. The 

shock of the discharge removes the molten portion of the 
workpiece. 

<ii) Depending on the diameter of the tool, there exists a 

minimum required voltage for machining. This voltage is 

higher than that at which the discharge initiates. The 
discharge initiates at the tool edge and the region of 
discharge gradually extends radially inward along the 
bottom surface of the tool with the increase of the 
applied voltage. The energy per spark also increase 
with the applied voltage. At that minimum required 

voltage the effect of the discharge is such that the 
whole surface of the workpi ece under the tool can attain 
melting temperature due to the sparks generated. 

<iii>The frequency of discharge (sparking) is random in 
nature as seen from the spectrum analysis. 
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<iv) The characteristics of material removal obtained from 
the experiments conducted by the author and the previous 
researchers and the predictions of the theoretical model 
are in good agreement for a wide range of parameters 
involved. 


C* ConcltKiing remarks of enhancing MRR 

(i) From the investigation it emerged that the inductance of 
the ECD circuit is an important parameter in deciding 
the MRR. This is helpful as an extra input parameter 
that can be controlled easily. 

(ii) Substantial increase in MRR can be achieved (more than 
200%), by introducing extra inductance in the circuit 
without any significant increase in the power 
consumption. This implies that the efficiency of the 
process is increased. It is suspected that this 
enhancement of MRR is achieved at the cost of the 
surface quality. Therefore, such extra inductance can 
be employed only for rough machining operation. 
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APPENDIX A 


CALCULATION OF AND R3Q 


The following tables show the 
pilot experiments with NaOH of different 
D.C. with tool diameter 0.11cm at depths 
in these experiments. 


data obtained 
concentration . 
0.1cm and 0 . 2cm 


from the 
Smooth 
were used 


TABLE A1 CTool depth *0.1 cnO 


Concentration 

wt« 

V 

c 

(volts) 

I 

c 

(Amp) 

R 

c 

(O) 

^2c 

(O) 

R_ 

5c 

(O) 

40 

17 

2.2 

7.7 

4.9 

2.8 

50 

18 

1.9 

9.5 

6.0 

5.5 

20 

20 

1.7 

11.8 

7.0 

4.8 

10 

26 

1.55 

16.8 

9.0 

7.8 

5 

55 

1.25 

28.0 

11.8 

16.2 











159 


TABLE A2 CTool depLli *0.2 cnO 


Concentrat i on 

wt^ 

V 

c 

(volts) 

I 

c 

(Amp) 

R 

c 

(O) 

' R, 

2c 

<n) 

R, 

5c 

<0) 

40 

17 

2.8 

6 . 1 

5.9 

1 2.2 

50 

18 

2 . 5 

7.2 

4.4 

1 2.8 

20 

20 

2 . 5 

8.7 

4.8 

5.9 

10 

26 

2.0 

15.0 ' 

6 . 6 

6.4 

5 

55 

1.7 

20.6 

10.7 

10.1 


The plots of R- and R, with different concentration of 

Zc >c 

electrolyte are shown in Fig. A1 . Fig.AZ shows the same set of 
curves when the critical resistances are plotted against the mole 
fraction of NaOH in log scale. 

The curves were found to follow the relations 

2 

where, = Equivalent area = 0.076 cm for 0.1cm depth 

2 

= 0.110 cm for 0.2cm depth 

In a similar manner relation between mole fraction and 
critical resistance for other electrolytes were obtained. 












Variation of R2C and R^q with electrolyte concentration 
(Electrolyte ; Na OH ) . 







APPENDIX B 


DETERMINATION OF AND 5 

A few quadratic equations of v and 6 were formed for 

c 

different electrolyte and at different conditions with the 

corresponding values of I and It is illustrated with the 

c >c 

following table of observation. Tool diameter in all cases is 
0.11 cm and y = 0.16 cm^/Amp-sec as calculated in Sec. 5.5.1. 


Expt 

Electrolyte 

Tool 

Observed 

No 

and 

depth 

critical 

critical 

«2c 

5g 


concentrat i on 

< cm) 

current 

voltage 

(Q) 

(ft) 

1 

10^ KOH 

0.1 

0.9 

55 

12.5 

24.2 

2 

20^ KOH 

0.1 

1.15 

24 

8.0 

12.9 

5 

10% KOH 

0.2 

1.2 

55 

9.2 

18.3 

4 

20% KOH 

0.2 

1.7 

1 24 

6.5 

l 

7.6 

5 

5% NaCl 

0.1 

0.7 

52 

26.1 

48.2 

6 

20% NaCl 

0.1 

1.5 

29 

11.6 

10.7 

7 

5% NaCl 

0.2 

0.8 

52 

21.0 

44.0 

8 

20% NaCl 

0.2 

1.6 

29 

9.6 

8.5 
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Equation <3.1?> gives 

Z ♦ 3 

+ <51^ = 0 ; j' = 0.16 cm /Ampsec 

From Expt. <1>; 0 . 1 44 + 1 9 . 60 6 - v =0 

c 

<2> : 0.184 + 17.06 <5 - V =‘0 

c 

which yield6 = 0.016; v = 0.455; 

c 

Dividing v^ by corresponding , v^ = 5.96 


From expt . ( 5 ) ; 

0.192 

+ 26.55<5 

♦ 

- V 

c 

= 0 

(4) ; 

0.272 

+ 21.968 

• 

“ V 

= 0 


which yields 6 = 0.018; v = 0.672; or, v = 6.11 

c c 

Similarly the pairs of equations obtained from experiments 
(5)&(6> and (7>&(8> yield 

6 = 0.017; V = 6.78 
c 

and <5 = 0.020; v^ = 6.28, respectively. 

Hence, the avarage value of those quantities which were taken into 
account are 

T — 

S = 0.018 cm^/watt-sec and v^ = 


6.28 cm/sec 



